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RECENT WORK on the relation of the thyroid and adrenal glands to 
mammary growth suggested a study of the combined effects of thio- 
uracil treatment and adrenalectomy on the structure of the mammary 
gland. That growth of the mamary gland can take place in the hypo- 
thyroid state was reported by Nelson and Hickman (1937). They 
reported marked mammary development following estrogen treatment 
in either thyroidectomized or thyroidectomized castrate rats, but 
no comparison was make with adequate controls. In a more extensive 
study by Leonard and Reece (1941), thyroidectomy resulted in stim- 
ulation of the alveolar system and thickening of the ducts in normal 
castrate and estrogen treated castrate female rats. 

Smithcors and Leonard (1942) reported that thyroidectomy in 
normal immature male rats resulted in inhibition of duct growth and 
stimulation of alveolar development. The same changes, but to a 
lesser degree, were found in castrate males. Injection of estrogenic 
substances in thyroidectomized castrate males resulted in mammary 
glands with a marked lobule-alveolar development and inhibition of 
duct growth. The general effects of thyroidectomy on mammary 
growth were inhibition of duct extension and marked lobule-alveolar 
development. Smithcors (1945) reported that thiouracil administered 
to normal or castrate male and female rats failed to induce an alter- 
ation of mammary structure similar to that obtained following thy- 
roidectomy. Administration of estrogen resulted in marked lobule- 
alveolar development similar to that found in estrogen treated thy- 
roidectomized rats. 

Apparently rats differ from mice inasmuch as Mixner and Turner 
(1942), reported that thyroidectomy decreased the ability of mice to 
respond to injection of estrogen. They also were able to demonstrate 
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that thyroxine in an optimal dose increased significantly the percent- 
age of castrate female mice which responded with mammary lobule- 
alveolar development to minimal doses of progesterone and estrone. 
Mixner (1947), in work with mice concluded that thiouracil acts in a 
manner similar to thyroidectomy in decreasing the responsiveness of 
the mammary gland to exogenous mammary growth stimulating 
substances. 

Reeder and Leonard (1944), reported that adrenalectomy in 
normal or castrate immature male rats resulted in an increased num- 
ber of lateral buds on the duct system of the mammary tree, and in 
some cases, increased end bud growth. Administration of estrogen 
caused dilatation of the lateral buds. On the other hand, Trentin and 
Turner (1947), reported that adrenalectomy in castrate male rats 
resulted in thin atrophic ducts and complete elimination of lobule- 
alveolar development. Although administration of estrogen caused 
noticeable duct stimulation, it was relatively ineffective in stimulation 
of alveolar development. Cowie and Folley (1947), reported that 
regressive changes were frequently, but not invariably, observed 
following adrenalectomy; increased arborization of the duct system 
was never observed. 


METHODS 


Seventy-two albino rats were castrated at three weeks of age and divided 
into eight groups. They were fed a ration for laboratory animals ad libitum, 
and maintained at constant temperature (76 F.) and humidity. The experi- 
mental techniques included adrenalectomy and treatment with thiouracil 
and estrogen, alone or in various combinations. The litters were divided so 
that comparison on the basis of estrogen treatment could be made between 
litter mates. All of the experimental techniques for different groups were per- 
formed when the rats were at the same age. 

The adrenalectomized rats were given one per cent NaCl in the drinking 
water. Thiouracil' was administered at the rate of 0.1 per cent in the feed 
for 45 days. Diethylstilbestrol? was administered subcutaneously in an oil 
base at the rate of 10 gamma daily during the last ten days of the experi- 
mental period. The rats were destroyed on the eleventh day. The right ab- 
dominal mammary gland was removed and stained in toto with Harris’s 
hematoxylin. Body weighings were made at the beginning and end of the 
experimental periods. Examination was made at autopsy for completeness 
of adrenalectomy and for presence of accessory cortical tissue. 


RESULTS 
The effects of estrogen on mammary structure of castrate rats 


Each of two litters comprising 16 rats was equally divided between 
groups (1) and (2). These rats were castrated at three weeks of age, 
1 The thiouracil was supplied by Dr. Stanton L. Hardy, Lederle Laboratories, 
Pearl River, New York. 


2 The diethylstilbestrol was supplied by Dr. D. F. Green, Merck and Co., Rahway, 
New Jersey. 
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then placed in experimental cages and maintained on regular rations 
for 65 days. During the last ten days group (2) received 10 gamma of 
diethylstilbestrol subcutaneously in an oil base daily. On the day 
following the experimental period, both groups were killed and the 
right abdominal mammary gland was removed. At autopsy the con- 
trols showed an average gain of 117 grams and the estrogen injected 
109 grams during the last 45 days of the experiment. 

All of the mammary glands of the control group showed a uni- 
formly bare duct system with no indication of any lobule-alveolar 
development. This is the typical picture that is found in the mammary 
glands of castrated rats. Examination of the mammary glands of the 
rats injected with estrogen showed extension of the duct system and 
distinct end bud growth. In some cases definite lobule-alveolar growth 
was present. These glands showed a typical response to estrogen 
administered in greater than threshold amounts. 


The effects of estrogen on mammary structure of thiouracil 
treated castrate rats 


Each of two litters comprising 18 rats was equally divided between 
groups (3) and (4). These rats were castrated at three weeks of age. 
Both groups were placed in experimental cages at seven weeks of age 
and fed the regular ration to which had been added 0.1 per cent thio- 
uracil. They were maintained on this ration for a 45 day period, the 
last ten of which group (4) received 10 gamma diethylstilbestrol daily. 
Both groups were destroyed on the eleventh day and the mammary 
glands removed. The controls gained an average of 61 grams and the 
estrogen treated gained an average of 45 grams during the experi- 
mental period. 

The mammary glands of the control group showed a shortened and 
thickened duct system. The mammary glands of two rats showed a 
small amount of lobule-alveolar development. The mammary glands 
of the estrogen injected rats showed a considerable amount of lobule- 
alveolar development, especially toward the ends of the ducts. The 
ducts were shortened and thickened, and the lobule-alveolar growth 
was much more dense than that of the estrogen treated rats which did 
not receive thiouracil (group 2). In comparison with the castrate rats 
which did not receive thiouracil (group 1), the mammary glands of 
group (3) showed shorter and thicker ducts. 


The effects of estrogen on mammary structure of 
adrenalectomized castrate rats 


Each of two litters comprising 20 rats was equally divided between 
groups (5) and (6). These rats were castrated at three weeks of age. 
All were adrenalectomized at five weeks of age, and placed on one per 
cent NaCl in the drinking water. A period of ten days was allowed for 
recovery from the effects of the operation, at which time they were 
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placed in the experimental cages and fed regular rat ration for a period 
of 45 days. During the last ten days group (6) received 10 gamma of 
diethylstilbestrol daily. All were destroyed on the eleventh day and 
the mammary glands removed. The control group gained an average 
of 86 grams while the estrogen treated group gained an average of 79 
grams during the experimental period. 

The mammary glands from the contol group had long atrophic 
ducts with no lobule-alveolar development. The ducts were longer and 
thinner than those of any of the groups which did not receive estrogen. 
The mammary glands of the rats which received estrogen were also 
very extensive in area and were greatly thickened grossly as a result 
of extensive lobule-alveolar development. The over-all development 
of these glands was somewhat greater than that of the estrogen treated 
castrated rats. 


The effects of estrogen on mammary structure of thiouracil 
treated adrenalectomized castrate rats 


Each of two litters comprising 18 rats was equally divided between 
groups (7) and (8). These rats were castrated at three weeks of age. 
They were adrenalectomized at five weeks of age and placed on one 
per cent NaCl in the drinking water. After a ten day recovery period 
they were placed in experimental cages and fed the regular rat ration 
to which 0.1 per cent thiouracil had been added. They were main- 
tained on this ration for 45 days the last 10 of which group (8) re- 
ceived 10 gamma of diethylstilbestrol daily. The rats were destroyed 
on the eleventh day and the mammary glands removed. The average 
weight gain for the controls was 50 grams and that of the estrogen 
treated was 37 grams for the experimental period. 

The mammary glands of the control group showed very short 
atrophic ducts. The ducts of these glands were shorter than those of 
any other group and were thinner than those of either the castrate or 
the thiouracil treated castrate group. The mammary glands of the 
estrogen treated group showed a short, thick duct system with con- 
siderable lobule-alveolar development. The peripheral alveoli were 
especially dilated. The over-all development of these glands \ was 
greater than that of any other group. 


DISCUSSION 


The purpose of the present work was to determine the effects of 
estrogen on the mammary structure of thiouracil treated, adrenalec- 
tomized castrate rats. In order to evaluate the factors responsible for 
the mammary growth obtained in these rats, it was necessary to set 
up a series of experiments which would demonstrate the effects of 
various combinations of treatments. In addition, these control groups 
served to confirm certain results of earlier workers in similar experi- 
ments. The mammary structure of castrate and estrogen treated 
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castrate rats is sufficiently well known to need no further confirmation 
(Turner and Schultze, 1931; Nelson 1936). 

It is also well known that the mammogenic hormones of the pitu- 
itary gland are a factor in the response of the mammary gland to 
estrogen injection. In the present work however, the pituitary gland 
can be considered merely as one of the many factors operating in the 
body which affect the mammary gland; i.e., the specific action of the 
mammogenic hormones on mammary growth need not be considered in 
these experiments. The response of the mammary gland of this strain 
of rats to castration and subsequent injection of estrogen was typical, 
as previously described in this paper. Castration reduced the mam- 
mary gland to a bare duct system. In addition to duct extension, the 
amount of estrogen injected also caused some lobule-alveolar develop- 
ment. 

The results of thiouracil treatment are essentially in agreement 
with the work of Smithcors (1945) and Smithcors and Leonard (1942). 
In general the administration of thiouracil inhibited extension of the 
duct system. Subsequent injection of estrogen resulted in marked 
lobule-alveolar development without appreciable further duct ex- 
tension. However, it has been shown that in the mouse (Mixner and 
Turner, 1942; Mixner, 1947), thyroidectomy or thiouracil adminis- 
tration decreases the mammary growth response to estrogen and that 
thyroxine in optimal doses increases the ability to respond with lobule- 
alveolar development. This difference may be attributed to the fact 
that the mouse is normally hypothyroid, whereas the rat is normally 
hyperthyroid.’ It has been shown that rats respond to minimal doses 
of thyroxine by retardation of growth, while mice on the same dosage 
increase their growth rate (Meyer and Wertz, 1938a; Koger and 
Turner, 1943). Minimal doses of thiourea increase the growth rate of 
the rat (Astwood and Bissell, 1944). 

In Smithcors’ work it was suggested that failure of thiouracil to 
induce the changes following thyroidectomy might be due to the 
-relatively short period of treatment (18-35 days). In the present work 
the mammary glands of the thiouracil treated rats more closely re- 
sembled those following thyroidectomy. This may be due to longer 
periods of treatment (45 days) in the present work. The shortened and 
thickened ducts found following thiouracil treatment may result from 
the modification of the specific action of the pituitary mammogenic or 
other general growth stimulators in the hypothyroid state. 

The results of estrogen administration in the thiouracil treated 
rats in the present work confirm the results obtained by Smithcors 
(1945), and are in agreement with the results of Smithcors and Leon- 
ard (1942) and Leonard and Reece (1941). 

3 An additional paper (Trentin, Hurst, and Turner 1948) has appeared since the 


writing of this paper. In the rat, but not in the mouse, thiouracil augmented the mam- 
mary growth response to estrogen. 
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The increased lobule-alveolar development obtained following 
estrogen administration to thiouracil treated rats might be a result of 
any one or a combination of the following factors. Since the size of the 
mammary gland is reduced in rats treated with thiouracil, it might be 
argued that we are dealing with the effects of a given amount of hor- 
mone on a smaller gland. That this is not the case was suggested by 
Smithcors and Leonard (1942), who reported that the same amount of 
estrogen administered to a smaller rat with the same size mammary 
gland as in the case of the hypothyroid rats elicited a normal response, 
i.e., extension of the duct system. 

The other possibilities are that the effectiveness of the injected 
estrogen is augmented by the hypothyroid state or that the sensitivity 
of the mammary tissue to injected estrogen is increased by the hypo- 
thyroid state. An antagonistic relationship is known to exist between 
thyroxine and estrogen function (Tyndale and Levin, 1937), and the 
hyperthyroid state increases the threshold of response to estrogen 
(Meyer and Wertz, 1938b). Injection of estrogen will lower basal 
metabolic rate of rats as much as 50 per cent (Sherwood and Bowers, 
1936). 

It is possible that estrogen in the normal animal may have the 
potential power to produce both duct and alveolar growth, but the 
power to produce the latter may be held in check by the functioning of 
the thyroid. Since the amount of estrogen used in the present work 
was shown to be capable of stimulating a limited amount of lobule- 
alveolar growth in the castrate rat, it is possible that the altered meta- 
bolic state brought about by thiouracil administration accentuated 
this response of the mammary gland to injected estrogen. While the 
present experiments were not designed to discriminate between these 
two possibilities, it appears likely that both of these factors are oper- 
ative. If one of the effects of thyroxine in the normal animal is to hold 
in check the inherent ability of estrogen to produce lobule-alveolar 
growth, its absence in the hypothyroid state would favor lobule- 
alveolar development in a mammary gland known to be capable of 
making this response to injected estrogen. 

The results of adrenalectomy on the mammary growth of castrate 
rats differ somewhat from those obtained by several other workers. 
The thin atrophic ducts found in the present work resemble those 
reported by Trentin and Turner (1947), except that in the present 
work the ducts are very much longer. Reeder and Leonard (1944), 
reported an increase in the number of lateral buds and found some 
increase in end bud growth in their adrenalectomized castrate rats. 
That end bud growth occurred in the present work is obvious from the 
length of the ducts. The fact that end buds were not abundant at 
autopsy indicates that the rate of duct extension had decreased some 
time prior to autopsy. 

The difference in appearance of the mammary glands in the pres- 
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ent work might be explained by the longer experimental period. 
Trentin and Turner (1947), used adult male rats which had been cas- 
trated for a much longer period of time (41-103 days), and were sub- 
jected to adrenalectomy only ten days prior to autopsy. It is apparent 
that only a small mammary gland was present in these rats at the 
time of adrenalectomy, and in older rats especially, one would not 
expect much duct extension in the ten day period unless growth 
stimulating substances were used. Reeder and Leonard (1944), used 
young male rats which were autopsied only 10-12 days following both 
castration and adrenalectomy. 

The mammary gland of the young animal has been shown by 
Reece and Leonard (1941), and Smithcors and Leonard (1943), to be 
much more responsive to minimal growth stimuli than that of older 
animals. In the absence of specific growth stimuli, the lateral buds 
observed by Reeder and Leonard (1944) in their castrate adrenalec- 
tomized rats might have been due to the inherent growth potential of 
the young animal. Since only slight end bud growth was found in these 
rats it is apparent that the short experimental period did not permit 
fullest extension of the duct system. 

In the present work with adrenalectomized castrate rats injected 
with estrogen the mammary glands showed an extensive duct system 
with very marked lobule-alveolar development. This is not exactly in 
conformity with previous workers. Reeder and Leonard (1944) found 
that with injection of estrogen in rats treated as mentioned above, 
they were able to demonstrate dilatation of stimulated lateral buds 
and an increase in their number. Trentin and Turner (1947) reported 
that injection of estrogen caused noticeable duct stimulation, but was 
relatively ineffective in stimulating mammary alveolar development 
in adrenalectomized castrate rats. 

The results of estrogen administration to adrenalectomized cas- 
trate rats in the present work confirms substantially those of Reeder 
and Leonard (1944). In both cases an extensive gland with marked 
lobule-alveolar development which exceeded that of the estrogen 
injected castrate rats was found. The relative ineffectivenness of 
estrogen in stimulating mammary growth in adrenalectomized cas- 
trate rats reported by Trentin and Turner (1947) may again be due to 
differences in experimental procedure. 

It was mentioned above that the effect of the thyroid in the normal 
animal may be to favor duct extension and inhibit lobule-alveolar 
development. Conversely, the effect of the adrenals in the normal 
animal may be to restrict duct extension and favor lobule-alveolar 
development since adrenalectomy causes an exaggeration of the con- 
dition found in the young animal with thyroids intact. 

The mammary structure of adrenalectomized, thiouracil treated 
castrate rats has not previously been described. Certain of the effects 
of both procedures were observed in these rats in the present work. 
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The duct system of the mammary gland was short as in the case of the 
thiouracil treated castrate rat and thin as in the case of the adrenal- 
ectomized castrate rat. Apparently thiouracil inhibited the extension 
of the duct system observed after adrenalectomy, and conversely, 
adrenalectomy inhibited the thickening of the duct system caused by 
thiouracil treatment. 

When estrogen was administered to thiouracil treated, adrenal- 
ectomized castrate rats the degree of duct extension was similar to 
that of the thiouracil treated castrate rats which received estrogen, 
but the lobule-alveolar development was greater than in the latter 
group. The greater degree of lobule-alveolar development of this group 
is compatible with the findings that estrogen administered to thioura- 
cil treated and to adrenalectomized castrate rats stimulated lobule- 
alveolar development. While these glands resembled those of the thi- 
ouracil treated castrate rats which received estrogen, the additional 
effect of adrenalectomy could be distinguished by the greater disten- 
tion of the peripheral alveoli. 

Since the effects of thiouracil treatment and of adrenalectomy on 
mammary growth of castrate rats are diametrically opposed, it is 
obvious that when these techniques are combined the resulting mam- 
mary growth represents a compromise between the several forces 
acting upon the mammary gland. It is well known that any factor 
which inhibits growth in general has its greatest effect on cells which 
are most actively growing at the time this inhibition is applied. The 
most active cells in the mammary glands of the young animal are 
those at the ends of ducts, thus thiouracil which inhibits growth in 
general would most likely affect end bud growth. The residual growth 
potential of the mammary gland would then be seen in a thickening of 
the ducts which were already present. The administration of a potent 
growth stimulating substance such as estrogen, would also. affect 
structures already present instead of causing new growth. This ex- 
planation would seem to account for the thickening of the shortened 
ducts found upon thiouracil administration, and the lobule-alveolar 
development of this less extensive gland upon estrogen administra- 
tion. 

The fact that duct extension is the characteristic response of the 
mammary gland after adrenalectomy, indicates that some inhibiting 
factor upon growth of the mammary gland has been removed; thus 
the more rapidly growing part of the gland, i.e. the duct end buds, are 
stimulated more than the duct system which has already passed its 
peak of growth. Since in the present experiments the ducts had ap- 
parently reached their definitive size at the time estrogen was adminis- 
tered, it is logical that the greatest effect of estrogen would be to 
stimulate lobule-alveolar development. 

In the adrenalectomized castrate rats which received thiouracil, 
it is apparent in both body growth and in growth of the duct system 
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of the mammary gland that the thiouracil was highly effective in 
producing a hypothyroid state. In the absence of duct extension it is 
obvious that estrogen administration to these animals was most 
effective in producing lobule-alveolar development. A partial effect of 
adrenalectomy in counteracting the inhibition of end bud growth was 
seen in the greater peripheral distention of the alveoli. 


SUMMARY 


Thiouracil fed to castrate rats at the rate of 0.1 per cent of ration 
for 45 days resulted in a shortened and thickened mammary duct 
system. The administration of estrogen during the last ten days of the 
thiouracil treatment period resulted in a mammary gland showing 
shortened and thickened ducts and considerable lobule-alveolar de- 
velopment. 

The mammary glands of rats which had been adrenalectomized 
for 55 days had long atrophic ducts with no lobule-alveolar develop- 
ment. When estrogen was administered for the last ten days of the 
experimental period, the mammary glands were very extensive in area 
and showed lobule-alveolar development in excess of that of the es- 
trogen treated castrate rats. 

The mammary glands of adrenalectomized, thiouracil treated 
castrate rats showed a very short atrophic duct system. The adminis- 
tration of estrogen resulted in a mammary gland with a short thick 


duct system and considerably more lobule-alveolar development than 
any other group. 
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FoLtowine the isolation of adrenocorticotrophic hormone 
(ACTH) in homogeneous form the results of studies on adrenalecto- 
mized animals have consistently indicated that ACTH is a true target 
hormone for which the adrenal cortex mediates all metabolic effects. 
Proof that ACTH acts only upon its target organ is not complete. 
Evans (1947) has noted that the operation of target organ hormones 
otherwise than through their target organ is becoming increasingly 


well recognized. Dougherty and White (1944) found that ACTH 
caused an increase in polymorphonuclear leucocytes in the adre- 
nalectomized rat but this was thought to represent a non-specific 
response. Dr. Fuller Albright (1947) has suggested that although 
ACTH may fail to act in the untreated adrenalectomized animal it 
might synergize the action of adrenal cortical hormones and cause 
metabolic changes in adrenalectomized animals treated with the 
cortical hormones. We have reported other examples (Ingle, 1943; 
Ingle, Ward and Kuizenga, 1947) of responses which were thought to 
be mediated by an increase in the secretory activity of the adrenal 
cortices and which were found to occur in the adrenalectomized ani- 
mal treated with adrenal cortex extracts. 

In the present study ACTH was administered to partially depan- 
creatized rats before adrenalectomy and again following adrenalec- 
tomy during treatment with adrenal cortex extract. ACTH caused an 
increase in the excretion of urinary nitrogen and glucose prior to 
adrenalectomy but not in the adrenalectomized cortical extract- 
treated rats. 


METHODS 


Male rats of the Sprague-Dawley strain which were completely free from 
infections were used. The stock diet was Friskies Dog Cubes. At a weight of 
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approximately 300 grams the animals were partially depancreatized by the 
_ method of Ingle and Griffith (1942). Following recovery from operation the 
animals were placed in the metabolism cages and fed a medium carbohy- 
hydrate diet made according to Table 1. All of the animals were force-fed by 


TABLE 1. MepIUM CARBOHYDRATE DIET 


Constituent 


Cellu flour (Chicago Dietetic Supply) 
Osborne & Mendel salt mixture 


Diet yeast (Pabst) 100 
Wheat germ oil 10 
Cod liver oil 10 
Vitamin K (2-methyl-1,4-naphthoquinone) 100 mg. 
Mazola oil 200 
Casein (Labco) 160 
Starch 200 
Dextrin 190 
Sucrose 200 


Water to make total of 2000 ce. 


stomach tube each morning (8:30 to 9:15 a.m.) and afternoon (4:15 to 
5:00 p.m.). The techniques and diet were modifications of those described by 
Reinecke, Ball and Samuels (1939). During the period of adaptation to forced 
feeding, the amount of diet was increased gradually to prevent the develop- 
ment of “food-shock.”’ The animals were brought to a full feeding of 26 ce. 
of diet per day on the seventh day. The experiments were carried out in an 
air-conditioned room with temperature at 74 to 78 degrees F. and humidity 
at 30 to 35 per cent of saturation. Twenty-four hour samples of urine were 
collected at the same hour (8:00 to 8:30 a.m.) and were preserved with 
thymol and citric acid (1 gram per sample) to insure the acidity of the urine 
for nitrogen analyses. Urine glucose was determined by the method of Bene- 
dict (1911) and the determination of urinary non-protein nitrogen was by 
the micro-Kjeldahl procedure as follows: Proteins were precipitated as the 
salts of tungstic acid by the Folin-Wu procedure; the organic matter was 
oxidized by sulfuric acid and hydrogen peroxide; the ammonia was distilled 
off into a standard acid solution and titrated with standard base. 

The ACTH was prepared by procedure of Li, Evans and Simpson (1943). 
It was administered by subcutaneous injection. In Experiment 1, ACTH 
was given in daily amounts of 0.25 mg. in 3 divided injections for 3 days, 0.5 
mg. in 3 divided injections for 3 days and 1.0 mg. in 7 divided injections for 
7 days. In Experiment 2, ACTH was given in the daily amount of 1.0 mg. in 
7 divided injections for 7 days. In Experiment 3, ACTH was given in the 
daily amount of 2.0 mg. in 7 divided injections for 7 days. 

During the experiment each animal was adrenalectomized by the method 
of Ingle and Griffith (1942). Sterile technique was used and infections were 
successfully avoided in all but one animal which was discarded because of 
abscesses. Following adrenalectomy each animal was treated with beef 
adrenal extract (Upjohn) in amounts of 3 cc. per day given in 2 divided doses 
by subcutaneous injection. This extract represented 40 grams of gland per 
ec. and was free from alcohol. Following adrenalectomy the daily doses of 1.0 
and 2.0 mg. of ACTH were repeated in 7 divided injections per day for 
7 days. 
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EXPERIMENTS AND RESULTS 


In Experiment 1 (Fig. 1) 4 partially depancreatized rats without 
spontaneous glycosuria were given ACTH in daily amounts of 0.25 
mg. for 3 days, 0.5 mg. for 3 days and 1.0 mg. for 7 days. A rise in 
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Fig. 1. Averages for 4 partially depancreatized rats treated 
with ACTH before and after adrenalectomy. 


urinary nitrogen and a mild glycosuria was elicited in each rat. When 
the injections of ACTH were stopped the glycosuria disappeared and 
the level of urinary nitrogen fell to normal values. The animals were 
adrenalectomized and maintained with adrenal cortex extract for the 
remainder of the experiment. Following operation there was a marked 
rise in nitrogen loss in each animal. The peak was reached on the 
third postoperative day and gradually fell until the nitrogen balance 
became strongly positive. Twenty-one days following adrenalectomy 
each rat was again treated with 1 mg. of ACTH per day for 7 days. 
None of the rats excreted glucose in response to ACTH and the values 
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for nitrogen loss did not change to any significant extent. 

In Experiment 2 (Fig. 2) 2 partially depancreatized rats having 
mild spontaneous glycosuria showed a marked rise in both urinary 
glucose and nitrogen in response to 1 mg. of ACTH per day for 7 days. 
During the second control period the glycosuria disappeared and the 
amounts of urinary nitrogen decreased to normal values. Following 
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Fig. 2. Values for 2 partially depancreatized rats treated 
with ACTH before and after adrenalectomy. 


adrenalectomy one rat showed a marked temporary increase in uri- 
nary nitrogen but the second rat showed little change. Twenty-one 
days following adrenalectomy each rat was again treated with 1 mg. 
of ACTH per day for 7 days without causing a glycosuria or an in- 
crease in nitrogen loss. 

In Experiment 3 (Fig. 3) 1 partially depancreatized rat which did 
not excrete glucose during the control period developed a marked 
glycosuria and a rise in urinary nitrogen as the result of giving 2 mg. 
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of ACTH per day for 7 days. When the injections were stopped the 
glycosuria disappeared and a positive nitrogen balance was re-estab- 
lished. There was a temporary increase in nitrogen loss following ad- 
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renalectomy. Twenty-one days following operation the animal was 
treated with 2 mg. of ACTH per day for 7 days without causing 
glycosuria or any significant change in urinary nitrogen. 


DISCUSSION 


These data support the conclusion that the diabetogenic effect of 
ACTH and its effect upon nitrogen balance is mediated by the adrenal 
cortices and that there is no synergism in action. 

This is the first demonstration of a diabetogenic effect of pure 
ACTH in the partially depancreatized rat but it has been fully an- 
ticipated by the demonstration that ACTH exacerbates alloxan 
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diabetes in the rat (Bennett and Li, 1947) and causes glycosuria in the 
intact, force-fed rat (Ingle, Li and Evans, 1946). 

In ‘earlier studies (Ingle and Oberle, 1946; Ingle, Ward and Kui- 
zenga, 1947) we have observed that adrenalectomy in the force-fed rat 
is followed by a temporary negative nitrogen balance. This was espe- 
cially marked in the 4 animals of Experiment 1 (Fig. 1) possibly because 
the operation of these heavier animals caused more trauma to the 
tissues. It is of interest that this period of increased protein catab- 
olism was not accompanied by glycosuria in any case. 


SUMMARY 


This study was carried out to test the hypothesis that adreno- 
corticotrophic hormone may exert an effect upon organic metabolism 
in the absence of the adrenal cortices by acting synergistically with 
exogeneous adrenal cortical hormones. Partially depancreatized rats 
which were force-fed a medium carbohydrate diet responded to the 
administration of ACTH by an increased loss of urinary glucose and 
non-protein nitrogen when tested prior to adrenalectomy. Following 
adrenalectomy the animals were maintained on 3 cc. of beef adrenal 
adrenal extract per day during the remainder of the experiment. 
Under these conditions the administration of ACTH caused no 
glycosuria or change in the level of urinary nitrogen. 
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ALTERATION OF THE ESTRUAL CYCLE IN 
SHEEP BY USE OF PROGESTERONE AND 
ITS EFFECT UPON SUBSEQUENT OVU- 
LATION AND FERTILITY’ 


R. H. DUTT anv L. E. CASIDA 
From the Department of Genetics, University of Wisconsin 
MADISON, WISCONSIN 


CorPORA LUTEA induced in the ovaries of sheep during the breed- 
ing season by use of pituitary gonadotropic extracts did not alter the 
rhythm of the estrual cycles in a uniform manner. Their next heat 
periods did not all occur at the same time irrespective of the stage in 
the estrual cycle at which the corpora lutea were produced (Casida, 
Dutt and Meyer, 1945). Thus, it would appear that the mechanisms 
for maintenance of the corpora lutea tend to be synchronized with the 
corpora lutea of the last heat rather than the artificially produced ones. 

The effect of corpora lutea on the cyclic rhythm has been demon- 
strated in several species. Williams and Williams (1921), Hammond 
(1927) and McKenzie and Terrill (1937) reported that removal of the 
functional corpora lutea from the ovaries of the cow and the ewe will 
hasten the time of onset of estrus. Also, Selye, Browne and Collip 
(1936) and Phillips (1937) reported that daily subcutaneous injections 
of sufficient amounts of crystalline progesterone into normal female 
rats resulted in cessation of cyclic rhythm, which was resumed within 
2 to 4 days after the end of injections. Injection of crystalline proges- 
terone has been reported to inhibit ovulation induced by electrical 
stimulation of the cervix in rabbits (Makepeace, Weinstein and 
Friedman, 1937) and in the rat (Astwood and Fevold, 1939). These 
workers believe that the effect of progesterone is directly on the pi- 
tuitary gland in inhibiting the production or the release of the luteiniz- 
ing hormone, since when this hormone was injected into progesterone- 
treated rats and rabbits, ovulation did take place. 

The work reported here is an attempt to inhibit ovulation in a 
flock of breeding ewes by injections of crystalline progesterone for a 
period of time until the ovaries of all animals are free of luteal tissue. 
Upon cessation of the injections of the inhibiting agent, then all ewes 
might show estrus at approximately the same time. 

Received for publication July 6, 1948. 
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PLAN OF THE EXPERIMENT 


A farm flock of high grade Shropshire ewes was purchased at the begin- 
ning of the 1947 breeding season. Each animal was permitted to go through 
at least one complete estrual cycle before treatment was started. Control 
data for each ewe were thus furnished by the length of the estrual cycle and 
estrual period previous to the beginning of treatment. The occurrence of 
estrus was determined by checking twice daily at twelve-hour intervals with ° 
an aproned ram, and a ewe was considered to be in heat only if she allowed 
the ram to mount and remained standing after he had mounted. Checking 
for the occurrence of estrus was continued in this manner throughout the 
treatment period and also the post-treatment period until time of autopsy. 

An experiment was designed using 30 breeding ewes on two different 
levels of injection; these were started at three stages of the cycle, i.e., four, 
eight and 12 days after the first day of estrus. Eighteen ewes, six in each stage 
were given daily injections of 5 mg. of progesterone and 12 ewes, four in 
each stage were given 10 mg. daily. Treatment consisted of 14 consecutive 
daily subcutaneous injections in all ewes. It was necessary to continue in- 
jections for 14 days, since the functional life of luteal tissue in the ewe is 
approximately of this duration. And, in order to align all ewes so that their 
ovaries would be free of functional luteal tissue, treatment would have to 
continue for at least that length of time. 

All ewes on the experiment received daily injections of 5 c.c. of pure 
corn oil with the respective amounts of crystalline progesterone? dissolved 
in the oil. Thus, the ewes on the 5-mg. dosage received a total of 70 mg. of 
progesterone, while those on the 10-mg. dosage received a total of 140 mg. 
of progesterone. 

An observational laparotomy was performed on each ewe on the day 
following the last injection to determine whether ovulation had occurred 
under treatment even though estrus was suppressed. At the same time the 
numbers of corpora lutea resulting from the last natural estrus and the sizes 
of the largest follicles present were also recorded. The positions of the largest 
follicles in the ovaries were marked at the time of laparotomy by inserting a 
needle dipped in India ink just beneath the ovarian tunic at several points 
at the base of the follicle. Precaution was observed to avoid rupturing the 
follicle. On autopsy it was then possible to tell definitely whether such fol- 
licles had ovulated. All ewes showing estrus after the end of treatment were 
artificially inseminated with good-quality, undiluted semen. These animals 
were slaughtered 36 to 48 hours after the end of estrus, and the reproductive 
tracts were immediately taken to the laboratory where a thorough search 
was made for ova. Those ewes which did not show an estrus after treatment 
were slaughtered seven days after the end of treatment, regardless of whether 
they had ovulated during the period of treatment. 


RESULTS AND DISCUSSION 


None of the 30 ewes on the two dosages showed estrus during the 
period of injection. On observational laparotomy the day after the 
end of treatment, however, it was found that three of the ewes on the 


2 The authors are indebted to the Glidden Company, Chicago, Illinois, for the gen- 
erous gift of crystalline progesterone for this work. 
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5-mg. dosage had recently ovulated, even though they had exhibited 
no estrus. Ovulation was inhibited in the remaining 15 ewes on this 
dosage and in all of the ewes on the 10-mg. dosage. 

The corpora lutea from the last natural estrus had regressed in 
size to a diameter of 1.5 to 3 mm. in all ewes except one on the 5-mg. 
dosage, in which a 5 mm. corpus was observed. This ewe did not show 
a post-treatment estrus; however, at the time of autopsy she had a 
recent corpus luteum indicating a “quiet’’ ovulation. 


Influence of Stage on Effectiveness of Treatment 


Estrus and ovulation both occurred in only 12 of the 18 ewes on 
the 5-mg. dosage within seven days subsequent to the termination 
of treatment. Three of the remaining six ewes ovulated during treat- 
ment and consequently showed no estrus during the post-treatment 
period. Of the remaining three ewes, two were considered to have 
cystic follicles at the time of autopsy. One of these had a 22-mm. 
follicle on the left ovary; however, this ewe did show estrus for a 
period of one day beginning three days after the’ last injection. The 
other ewe had a 23-mm. follicle on the right ovary, but she did not 
show any signs of estrus as indicated by the action of the teaser ram 
during the post-treatment period. The one remaining ewe on this 
dosage showed no post-treatment estrus; however, on autopsy it was 
found that a quiet ovulation had occurred. 

The stage at which treatment was initiated appears to have an 
effect on the inhibition of ovulation during treatment with this 
dosage. Ovulation was inhibited in all ewes in which treatment was 
begun at the 4-day stage, in 5 out of 6 in which treatment was begun 
at the 8-day stage and in 4 out of 6 at the 12-day stage. With the ewes 
started at the 4-day stage the animal’s own luteal tissue has to be 
supplemented for only 3 or 4 days, while in the 8- and the 12-day 
stages, suppression of the pituitary luteinizing hormone is dependent 
for a longer period of time upon only the exogenous progesterone. 


Effect upon Interval from End of Treatment to Estrus 


The regularity of the occurrence of post-treatment estrus in the 
ewes on the 10-mg. dosage is very striking. The average interval from 
the end of treatment until the onset of next estrus in this group was 
3.2 days with a range of 0.5 day, while the average predicted from 
the control intervals was 11.8 days (Table 1). 

The ‘‘typical”’ ewes on the 5-mg. dosage, those showing a post- 
treatment estrus and ovulation, had an average interval to onset of 
estrus of 2.8 days with a range of 2.0 days. Considering all of the ewes 
on this dosage, and, assuming that those which did not show estrus 
would have done so at the next predicted estrual period, the average 
interval to estrus for the 18 ewes would have been 5.4 days. The aver- 
age predicted interval on this dosage was 12.1 days. Two of the ewes 
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had cystic follicles in their ovaries, and it is not known what effect, 
if any, this condition may have had on the time of onset of the next 
estrual period. Grant (1934) reported that cystic follicles are a rare 
occurrence in the ewe, and when they are present, they do not have 
any effect on the estrual cycle. 

Phillips (1937) has reported that a threshold dosage of progester- 
one in the rat resulted in a delay in return to normal cyclic rhythm 
after treatment; contrasted with this, the return to normal cyclic 


TABLE 1. Errect oN LENGTH AND UNIFORMITY OF INTERVAL 
FROM END OF TREATMENT UNTIL NExt Estrus 


Stage of Treatment 


Interval 4-day 


Vari- 


Mean 


Observed 
5-mg.t 

Predicted 
Observed 
10-mg. 

Predicted 
Observed 


* Includes all ewes on the 5-mg. dosage. 
t Includes only the 12 ewes showing post-treatment estrus and ovulation. 


rhythm occurred within 3 to 5 days when higher dosages were used. 
Although Phillips did not determine whether cystic follicles had 
formed or whether the rats had ovulated without showing estrus, it 
may be that the threshold dosage in the rats had resulted in the forma- 
tion of cystic follicles, which would explain the delay in return to 
normal rhythm. The occurrence of cystic follicles in two of the ewes 
and their failure to show a post-treatment estrus may be characteris- 
tic of a threshold dosage of progesterone. 

The average interval to the beginning of estrus for the typical 
ewes in the 5-mg. group was 2.8 days and differed from the 10-mg. 
group for which the average interval was 3.2 days. A longer interval 
to onset of estrus might be the result of the higher dosage of proges- 
terone more completely suppressing the output of luteinizing hormone 
from the pituitary gland. 

In Table 2 the average lengths of the treatment estrual cycles of 
the ewes showing a post-treatment estrus are given. For the ewes 
started on treatment at the 12-day stage on the 5-mg. dosage, the 
average experimental cycle length was 27.7 days and for those on the 
10-mg. dosage, 27.9 days. The average length of the experimental 
cycles was slightly longer for the ewes on the 10-mg. dosage due to a 
longer interval from the end of treatment until the onset of estrus. 


8-day 12-day All 
an 
Dosage Vari- Vari- Vari- 

5-mg.* 
Predicted 15.9 3.8 12.2 1.4 8.3 0.9 12.1 11.9 

4.7 25.7 5.8 21.7 5.8 9.3 5.4 17.0 

16.1 3.6 12.4 1.7 82 0.3 12.9 13.1 

2:55 0.1 67 #4382 2.8 0.3 

16.1 1.4 11.2 0.9 8.0 0.5 11.8 12.9 

3.1 0.1 3.2 0.1 3.1 0.1 3.2 0.1 
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TaBLeE 2. Errect oN LENGTH OF EstRUAL CYCLE 
Stage of Treatment 
Dosage Cycle 4-day 8-day 12-day 
Mean Variance Mean Variance Mean Variance 
Control 16.4 1.1 16.5 0.5 16.5 0 
5-mg. 
Experimental 19.4 0.2 23 .5 0.5 27.7 0.1 
Control 16.5 0.5 16.1 0.2 16.4 0.1 
10-mg. 
Experimental 0.2 24.2 0.1 27.9 


20.0 0.1 


The experimental cycles were longer than the control cycles for all of 
the ewes, regardless of the stage at which treatment was begun. The 
experimental period of the animals was terminated shortly after the 
occurrence of a post-treatment estrus; therefore, no information was 
obtained on the subsequent cyclic rhythm. 


Duration of Estrus 


The length of the post-treatment estrus was shorter than the con- 
trol by an average of 0.2 day for the ewes on the 5-mg. dosage and by 
0.1 day for the ewes on the 10-mg. dosage. Neither difference was 
statistically significant. Physiologically a shorter estrual period might 
be expected if the suppression of the luteinizing hormone had not 
been complete, since under the augmentative influence of a small 
amount of luteinizer the follicles would be more mature at the end of 
treatment than if no luteinizer were present. It was pointed out earlier 
that the interval to onset of estrus was sigtificantly shorter for the 
ewes on the 5-mg. dosage and, although there is no significant differ- 
ence in the duration of estrus, the ewes on the lower dosage did have 
the shorter estrual period. 

Further evidence for supporting the hypothesis of a ‘‘blockage”’ of 
the luteinizing hormone by progesterone is furnished by the differ- 
ences in follicular size observed at laparotomy in the two groups of 
ewes. The average diameter of the largest follicle in the ovaries of 
the typical ewes on the 5-mg. dosage was 9.0 mm. and for the ewes on 
the 10-mg. dosage, 6.8 mm. (Table 3). This difference between dosages 


TABLE 3. Errect or Two DIFFERENT DOSAGES OF PROGESTERONE ON 
Size (mm.) or Largest at END oF TREATMENT 


Stage of Treatment 


Dosage 4-day 8-day 12-day All 
Mean Variance Mean Variance Mean Variance Mean Variance 
5-mg. 8.3 0.3 9.8 1.0 8.8 4.9 9.0 1.8 
10-mg. 6.5 1.0 7.0 ef 7.0 2.0 6.8 ee | 
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was highly significant; however, the stage at which treatment was 
started did not show any significant effect on follicular size when ob- 
served at the time of laparotomy. The large follicles in the ewes on the 
5-mg. dosage and also the shorter interval from end of treatment to 
ovulation (assuming ovulation occurs at or near the end of estrus) 
can be interpreted as a less effectual blockage of the luteinizer by 
this dosage. The amount of luteinizer was high enough to precipitate 
ovulation in three of the ewes on this dosage during the treatment 
period. 

Possible explanations for the cause of the cystic follicles observed 
in two of the ewes on the 5-mg. dosage at time of autopsy are: (1) 
The amount of luteinizer being secreted by the pituitary gland during 
the treatment period was high enough to augment the action of the 


TABLE 4, PERCENTAGE OF THE LARGEST FOLLICLES OBSERVED 
AT LAPAROTOMY WHICH LATER OVULATED 


Stage of Treatment 


Dosage 
4-day 8-day 12-day All 
5-mg. 83 100 37 75 


10-mg. 25 50 25 33 


follicle-stimulating hormone, causing the follicles to assume mature 
size without ovulating-—as a result of this augmentation. they may 
no longer have been able to react to the luteinizer with the ovulation 
response when the progesterone was withheld and continued to grow 
and became cystic; (2) The continual loss of luteinizer had so de- 
pleted the pituitary gland that after progesterone injections were 
stopped, the pituitary was unable to raise the level of luteinizer high 
enough to cause ovulation. 

In order to throw more light on the nature of the ovarian responses 
the largest follicle observed in each animal at laparotomy was marked 
so that its status at the time of autopsy could be ascertained. The 
largest follicle so marked ovulated in 75 per cent of the ewes on the 
5-mg. dosage (Table 4), and in only 33 per cent of the ewes on the 
10-mg. dosage. In some of the ewes the largest follicle had regressed 
at time of autopsy so that its location was identifiable only by the 
India ink marks. 

Since the largest follicles were observed in the ewes on the low 
dosage of progesterone and the percentage of such follicles ovulating 
was higher in that group, there is no evidence to indicate that the 
largest follicles are less reactive to the ovulating stimulus than the 
smaller follicles. In fact, the reverse appears to be true. The cystic 
follicle observed in one of the two ewes was definitely not the largest 
follicle observed at laparotomy since it occurred in the opposite 
ovary. The cystic follicle noted in the other ewe could not be traced 
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definitely, since at autopsy the follicle was so large and the ovary so 
distorted in shape that it was not, possible to identify this follicle as 
the same one that was marked at laparotomy. The suggested cause 
of the cystic follicles then is the lowness of the level of luteinizer 
interacting with the follicle-stimulator, resulting in continued follicu- 
lar enlargement. 

Possible explanations for failure of the ewes to show estrus when 
they ovulated during the injection period are: (1) that while in the 
blood stream progesterone inactivates estrogen or facilitates its ex- 
cretion from the body at such a rapid rate that it does not act on 
the nervous system or (2) that progesterone itself acts on the nervous 
system, rendering it insensitive to the stimulus of estrogen. An 
anesthetic action of high dosages of progesterone on the nervous sys- 
tem of the rat has been reported (Selye, 1941; Hartman, Burge and 
Doctor, 1947). 

Effect on Ovulation 


One effect of inhibition of ovulation for a period of time might be 
a change in the number of ovulations at the next estrual period. An 
increased number of follicles might be ovulated following inhibition 
of the pituitary output of luteinizer as a result of the ovaries being 


TABLE 5. ErFect ON NUMBER OF OVULATIONS 


Stage of Treatment 
Dosage Estrual Period 


4-day 8-day 12-day All 
Control 2.2 2.0 1.3 1.9 
5-mg. 
Experimental] 1.6 1.5 1.0 1.4 
Control 1.8 1.8 1.8 1.8 
10-mg. 
Experimental 1.5 1.8 1.8 Pe 


subjected to an extended period of follicle-stimulating action followed 
by release of an accumulated reserve of luteinizing hormone. As con- 
trol data, the numbers of corpora lutea present from the last estrual 
period were taken. In the analysis of the data for the 5-mg. group 
only the typical ewes will be considered. 

The average number of ovulations for the ewes on the 5-mg. dos- 
sage was significantly lowered at the experimental estrual period by 
an average of 0.5 per ewe. For the ewes on the 10-mg. dosage there 
was no significant change, 1.7 per ewe for the experimental period 
and 1.8 for the control period (Table 5). The smaller number of ovula- 
tions in the 5-mg. group can also be explained by (1) an insufficient 
amount of luteinizer after withdrawal of progesterone or (2) some of 
the potentially ovulatable follicles were spoiled by the low level of 
luteinizer which was being released continually. The former possi- 
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bility presupposes that the output of luteinizing hormone by the pi- 
tuitary gland is limited and that a gradual release will result in de- 
pletion. There is little or no evidence, at least from the percentages 
of the largest follicle ovulating in the ewes on the two dosages, to 
indicate that any of the follicles had been spoiled. In the 10-mg. 
dosage the suppression of luteinizer was perhaps more complete dur- 
ing the treatment period so that a normal level resulted when the 
inhibiting agent was withheld. 


Effect on Fertility 


It is possible that the eggs ovulated after lengthening the estrual 
cycle (in the case of some of the ewes to as much as 28 days) may be 
aged or that their environment may be changed deleteriously so that 
they are no longer potentially fertile. Since there are no control 
data on the fertility of these ewes, the main points that can be studied 
are whether the eggs ovulated after the treatment are fertilizable 
and whether dosage and stage have any effect upon the fertility of the 
eggs. Of the eggs recovered (Table 6) from the ewes on the 5-mg. 


TABLE 6. Fertitiry or Eaes 


Dosage 
Stage 5-mg. 10-mg. Both 
No. Eggs % Fert. No. Eggs % Fert. No. Eggs % Fert. 
4-day 8 50 | 6 83 14 64 
8-day 5 20 6 33 11 27 
12-day 3 67 6 83 9 77 
All 16 44 18 67 34 56 


dosage, 44 per cent were cleaved (2 to 8 cells) and all appeared to be 
normal at the time of recovery except one 4-celled egg which appeared 
to be in the early stages of degeneration. In this group eggs were re- 
covered from 12 ewes, six of which yielded fertile eggs and the re- 
maining six, only unfertilized eggs. On the 10-mg. dosage 67 per cent 
of the eggs recovered were fertilized (4 to 12 cells) and all appeared to 
be normal. Eggs were recovered from 11 out of the 12 ewes on this 
dosage and 10 of them yielded at least one fertile egg. The numbers are 
too few for statistical analysis, but the lower fertility in the ewes on 
the 5-mg. dosage again suggests that this dosage had resulted in a 
greater physiological disturbance. 

There was possibly a difference in fertility of the eggs recovered 
from ewes when treatment was started at the different stages of the 
cycle. The fertilizability of the eggs recovered from the ewes started 
at the 8-day stage was lower on both dosages than for the eggs re- 
covered from either the 4-day or the 12-day-stage ewes. It is difficult 
to visualize any physiological basis for such a difference since the re- 
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action of the 8-day ewes to the treatment was as uniform in the inter- 
val from end of treatment to estrus and in the length of the post- 
treatment estrus as were the ewes which were started at the other 
two stages of the cycle. It is possible that the difference may be due 
to chance. The point of real importance is that the eggs resulting 
from the first estrual period following progesterone treatment are in 
general fertile. Whether they would have gone on to develop into nor- 
mal embryos was not determined. 


SUMMARY 


The effects of crystalline progesterone on regulating the estrual 
cycle of the ewe during the active breeding season was studied. Thirty 
ewes were given daily subcutaneous injections starting on the fourth, 
eighth and twelfth days after the first day of estrus. Two dosages 
were used, one of 5 mg. and one of 10 mg. daily. Eighteen ewes were 
placed on the first dosage and 12 ewes on the second dosage. 

Estrus was suppressed during treatment with either dosage. Three 
of the ewes on the 5-mg. dosage ovulated during treatment, but ovula- 
tion was inhibited during treatment in all ewes on the 10-mg. dosage. 
Estrus occurred in all 12 ewes on the 10-mg. dosage from 3 to 3.5 days 
after the last injection. The 5-mg. dosage was not so effective in con- 
trolling the time of onset of estrus. Only 12 of the 18 ewes showed a 
post-treatment estrus and ovulation. Two of the ewes had cystic 
follicles and one a quiet ovulation when they were autopsied. 

The length of the post-treatment estrus was shortened, but not 
significantly with either dosage. In the typical ewes on the 5-mg. 
dosage the number of post-treatment ovulations was significantly 
lower than for the control period, average per ewe being 1.4 for the 
experimental and 1.9 for the control period. The number of ovulations 
per ewe on the 10-mg. dosage was 1.7 for the experimental and 1.8 for 
the control period. 

As a result of the treatment, the estrual cycles of all the ewes 
were lengthened. The longest cycles were observed in the ewes on the 
10-mg. dosage treated at the 12-day stage where the group average 
was 27.9 days. The average cycle length for the typical ewes on the 
5-mg. dosage at the same stage was 27.7 days. The experimental 
cycles of the ewes in the other two stages were shorter by approxi- 
mately the differences between the corresponding stage intervals, i.e., 
4 and 8 days. 

Fertilized eggs were recovered from ewes treated at all stages of 
the cycle on both dosages. The higher percentage of fertile eggs, 67 
per cent, was recovered from the ewes on the 10-mg. dosage, as com- 
pared to 44 per cent from the ewes on the 5-mg. dosage. The eggs 
recovered from ewes when treatment was started at the 8-day stage 
showed the lowest fertility. 

Daily subcutaneous injections of 10 milligrams of progesterone 
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were more effective in decreasing the variation in time of occurrence 
of estrus during the breeding season than were injections of 5 miilli- 
grams of progesterone. The time of onset of estrus was controlled in 
100 per cent of the ewes on the higher dosage, but in only 67 per cent 
of the ewes on the lower dosage. 
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OBSERVATIONS ON THE SEX SKIN AND SEX 
CYCLE IN THE CHIMPANZEE’ . 


GEORGE CLARK anp HERBERT G. BIRCH 
From the Dept. of Anatomy, The Chicago Medical School, Dept. of Psychology, 
College of the City of New York and the Yerkes Laboratories of 
Primate Biology, Inc. 
ORANGE PARK, FLORIDA 


THERE ARE at least four stages involved in the study of the mam- 
malian sex cycle. The first is the establishment of the length of the 
cycle in the particular species under investigation, the second the 
subdivision of the cycle into such phases as the periodic fluctuations 
in morphology permit, the third the study of deviations in the hope 
of obtaining information that may lead to a better understanding of 
the normal, and finally the correlation of endocrine changes with the 
periodic changes in morphology and behavior. In primates the first 
phase of the investigation is simplified by the almost universal occur- 
rence of menstruation, which provides a reliable initial and terminal 
indicator. Further, in the chimpanzee and several other species of 
primates the natural periodic variations in size, color, shape, and the 
degree of tumesence of the anogenital area afford a second set of indi- 
cators which provide a direct perceptual basis for subdividing the 
sexual cycle. These indicators also make possible the ready recog- 
nition of a variety of deviations from the normal. 

Previous reports on the sexual cycle of the female chimpanzee 
(Elder and Yerkes 1936, Young andYerkes 1943) have contributed 
greatly to our knowledge of the normal cycle in this organism and 
have further afforded information on some of the aberrations which 
may appear. The present paper represents a continuation of the study 
of the chimpanzee sex cycle with particular emphasis on the nature 
of spontaneously occurring deviations from the normal. It also re- 
ports our attempts to duplicate these divergences from normal 
periodicity in induced or artificial cycles? in two female castrate 
chimpanzees. An integration of the data from spontaneously occur- 
ring aberrations with the evidence on the artificial induction of atypi- 
cal cycles seems to provide explanations for deviations from the nor- 
mal which appear in the first cycles after the menarche, for the occur- 
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rence of cyclical changes in the sex skin during pregnancy, and for 
the mode of reinstitution of cycles after parturition. 


THE TYPICAL CHIMPANZEE SEX CYCLE 


In contrast to the intensive subdivision of the cycle in the earlier 
work of Yerkes and Elder (1936), Young and Yerkes (1943) divided 
the cycle into four phases. We will follow the scheme of subdivision 
used by the more recent investigators. The full cycle has a mean of 
37+0.14 days and the four phases are of unequal duration (Table 1). 


TABLE 1. Mean LENGTHs OF PHASES OF CYCLE AND OF CYCLE IN THE 
CHIMPANZEE (TAKEN FROM YOUNG AND YERKES, 1943) 


7+0.08 18 +0.08 10 +0.06 340.03 37 +0.14 


The first or preswelling phase is a period of.genital quiescence which 
begins with the disappearance of the external signs of menstruation. 
Physiologically the preswelling phase is correlated with either a lack 
of follicular growth or with a low level of estrogen production. 

The second phase or swelling phase of the cycle is believed to 
coincide with follicular growth. In this phase a swelling of the sex 
skin involves first the labial and circumanal areas, but gradually 
tumesence extends anteriorly over the mons pubis and laterally to 
the callosities. Maximal tumesence is usually attained by the fifteenth 
day of the cycle. There is much interindividual variation in the gross 
appearance of the swelling. In some chimpanzees the enlarged peti- 
neum has well-defined boundaries and stands out as a prominent 
rounded mass, while in other animals the labia are greatly hypertro- 
phied and form the major part of the swelling. The extent to which 
the mons pubis is involved is variable, and in those animals in which 
it is most prominent the labia are usually not much enlarged. Scaling 
and sloughing of the surface epithelium, a feature which heralds re- 
gression of the swelling in the baboon (Gillman and Gilbert, 1946), 
may occur during any portion of the maximal period and in the chim- 
panzee is not necessarily a harbinger of detumescence. The degree of 
tension developed shows considerable variation which may be de- 
termined by manual pressure but as yet no quantitative measure has 
been developed. The color of the non-pigmented sex skin ranges 
through various shades of pink from very pale to rose. Measurements 
of the swelling circumference, such as Gilman and Gilbert (1946) have 
found so valuable in the chacma baboon, cannot be made readily in 
the chimpanzee. Ovulation as determined by impregnation and by 
direct ovarian examination occurs from one to six days before the onset 
of detumescence (Elder and Yerkes; 1936, Young and Yerkes, 1943). 
Thus tumescence continues for a variable period after ovulation and 
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the onset of detumescence, the third externally visible alteration in the 
sex cycle, is not concomitant with ovulation. The duration of the lag 
between the two events ranges from one to six days. 

The third phase of the sex cycle is characterized first by detumes- 
cence of the ano-genital area and then by a period of genital quiescence 
which is terminated by menstruation. In ovulatory cycles this phase 
corresponds to the physiological changes involved in the luteal phase 
of the cycle. The change from tumescence to detumescence and the 
entire absorption of the genital swelling occurs in a remarkably short 
time. The detumescent period may be as short as forty-eight hours 
with the major decrease in the first twenty-four hours. In the baboon 
histological studies by Zuckerman (1930) have shown that the swelling 
is the result of the accumulation of intercellular fluid rather than the 
product of cellular enlargement. It is probable that the same is true 
for the chimpanzee because in the few instances where we have ob- 
served lacerations of the swelling the tissue has appeared to be quite 
engorged and there was seepage of clear, colorless fluid from the torn 
surfaces. 

The fourth and final phase of the cycle is menstruation which has 
an average duration of three days. Thus in the average cycle the pre- 
swelling phase occupies seven days, the swelling eighteen days, the 
postswelling phase ten days, and menstruation three days for a total 
average (mean) cycle length of about 38 days, with a range of 22 to 
187 days. Young and Yerkes (1943) also give the median as 35 days 
and the mode as 33 days and state that the curve is skewed to the 
right. Unfortunately they failed to give the median and mode for the 
various subdivisions of the cycle. 

In order better to understand the physiological events in average 
cycles the study of atypical cycles is necessary. Atypical cycles may 
be observed under four different sets of circumstances. These are as 
follows: 1. Variability in the normal cycle (subdivided into a. Intro- 
duction, b. Premenstrual swelling, c. No premenstrual quiescence, 
and d. No preswelling phase), 2. Initial cyclical events at puberty, 3. 


Changes in sex skin during pregnancy and, 4. Postpartum reinstitu- 
tion of cycle. 


VARIABILITY IN THE NORMAL CYCLE 


Introduction. Variations are found not infrequently in the cycles 
of presumably normal subjects and are listed in Table 2. The first 
two columns give the name of the animal and the number of her 
cycles that we have followed. In subsequent columns there are listed: 
the frequency of premenstrual swelling, of the failure of detumescence 
to be completed before the onset of menstruation, of the omission of 
the preswelling phase, and of the occurrence of tumescence during 
menstruation. These conditions are illustrated in graphic schemata in 
Figure 1. It is evident that any of the first three conditions may lead 
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to an engorged sex skin during the catemenia. This occurrence of 
swelling during menstruation has two aspects. First, detumescence 
may not be complete or the premenstrual swelling may extend into the 
period of flow; and second, swelling may begin prior to cessation of 


TABLE 2, VARIATION IN THE NORMAL CYCLE 


No N 


Number of Premenstrual ok Menstruation 
Name Premenstrual Preswelling ~ 
Cycles Swelling Quiesence Diane and Swelling 

Alpha 40 0 0 5 0 

mi 4 0 1 0 0 
Bentia 55 11 8 1 5 
Bula 31 4 0 0 0 
Dina 4 1 0 0 0 
Dita 43 3 2 2 2 
Fifi 84 5 0 10 0 
Gamma 23 0 0 0 0 
Helene 33 3 4 3 1 
Josie 50 3 0 0 1 
Lia 48 1 3 13 3 
May 52 9 5 3 0 
Mimi 51 2 18 a 6 
Pati 73 1 5 4 1 
Soda 41 4 8 0 2 
Vera 9 0 0 0 0 
Wendy 52 5 5 11 7 


flow. Table 2 shows that there is considerable variability among ani- 
mals with certain individuals contributing the largest number of de- 
viations. 

However it should be noted that frequency of variation and utility 
as a breeding animal have only a slight negative correlation. Alpha, 
with few deviations and Wendy, with many, have equally good 
breeding records, but on the other hand Bentia, Dita, Lia, May, Mimi 
and Pati who have many deviations have had none or very few off- 
spring while every adult animal showing few variations does repro- 
duce satisfactorily. 

Premenstrual swelling. When premenstrual swelling (Table 2, 
Column 3) occurs it is a slight tumescence which seldom attains a 
size larger than 3 of the usual maximum, begins a few days before the 
onset of menstrual flow, and usually regresses completely by the sec- 
ond menstrual day (Figure 1a). It is possible that this phenomenon 
is similar to the condition discovered by Gilbert and Gillman (1944) 
in the chacma baboon and termed by them the ‘“‘rebound effect.’”? We 
have reproduced premenstrual swelling in only one artificial cycle 
which was originally designed to determine if progesterone withdrawal 
could produce menstruation in the chimpanzee as in Maccus mulatta 
(Hisaw and Greep, 1938) when the estrogen dosage was maintainted 
at constant level. Full tumescence was produced by oral administration 
of alpha estradiol and then anhydrohydroxyprogesterone (pregnen- 
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inoline) was also given. Three days after complete detumescence the 
pregneninoline was discontinued while the alpha estradiol was con- 
tinued with no change in daily dosage. On the third day after the last 
dose of the progestational hormone the swelling had increased to } 


MAX 


PR = 


PR 
Cc 


Fic. 1. Schemata illustrating three types of unusual cycles. In these and also in 
Figures 2, 3 and 4, time is indicated by the horizontal row of dots beneath the 
graphs. Each of these dots represents an interval of ten days. PR represents the lowest 
level of sex skin tumescence in the cyclical female and is definitely larger than in the cas- 
trate. It is ordinarily seen just before, just after and during menstruation. MAX repre- 
sents the height of tumescence, the time when the swelling of the sex skin is at a maxi- 
mum. Menstruation is indicated by the dots immediately beneath the graphs. Figure 
1A. Premenstrual swelling. Figure 1B. No premenstrual quiescence. Figure 1C. No 
preswelling phase. 
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of the maximum and the following day when menstruation had begu 
the swelling was }. 

No premenstrual quiescence. In the average cycle detumescence is 
complete and the sex skin quiescent for at least twenty-four hours 
prior to the onset of menstruation. This condition was designated 
simply as the premenstrual phase (Yerkes and Elder, 1936). However, 
on occasion menstruation begins before the swelling of the sex skin 
has reached the resting stage (Figure 1b). It may be only a coinci- 
dence that Mimi, whose sex skin failed to regress to the resting stage 
in 35% of her cycles (Table 2, Column 4), was selected for castra- 
tion because of her worthlessness as a breeder and that Bentia, with 
no period of postswelling quiescence in 15% of her cycles, also has a 
very poor breeding record, for Soda, with 20% of such cycles, has a 
satisfactory record (Nissen and Yerkes, 1943). In no case have we 
seen tumescence extend beyond the period of flow but it is not infre- 
quent for deturgescence to be incomplete on the last day of bleeding. 
The other phases of such cycles are usually within the normal range 
of variation in the same animal. It may be that such cycles are due to 
partial failure of progesterone production. Artificial cycles in which the 
the progestational hormone is given at about one half the threshold - 
dose and both the estrogen and the progesten are terminated at the 
same time yield similar changes in the sex skin. That is deturgescence 
is not complete before the onset of flow. 

No preswelling phase. In the usual cycle the sex skin remains at 
the quiescent level both during menstruation and for a period of at 
least one day after cessation of flow. This brief postmenstrual quies- 
cence, which is followed by the onsent of tumescence, was designated 
the postmenstrual phase by Yerkes and Elder (1936) but we prefer pre- 
swelling, as it is a more descriptive term. In some cycles it is either 
markedly shortened or even absent (Figure 1c). A skipping of the 
preswelling phase (Table 2, Column 5) may mean either that swell- 
ing of the sex skin began before the cessation of flow or that there was 
a noticeable amount of swelling already present on the following day. 
These conditions have occurred in some of our best breeding animals 
and apparently bear no relation to fertility. For example Lia was an 
absolute failure as a breeder and had such cycles 27% of the time 
while Wendy, with an excellent breeding record, has had 21% of 
such cycles. Much of interest is revealed by an intensive examination 
of a series of Wendy’s cycles. In Wendy the onset of swelling has often 
(six times—11% of her cycles) occurred before the end of menstrua- 
tion. The component phases of these six cycles are given in Table 3. 
The length of the menstrual period of the preceding cycle is followed 
by the number of days for which swelling was recorded during flow. 
Then the subsequent cycle is tabulated in terms of the number of 
days from the end of menstruation to the beginning of detumescence, 
the length of the postswelling phase (in the non-pregnant cycles), 
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the duration of menstruation, and finally the total length of the cycle. 
Thus in the first cycle listed menstrual flow lasted for three days on the 
last day of which the sexual skin was definitely in early swelling. The 
tumescent period extended to the 13th day after cessation of flow, 
corresponding to a total length of the swelling phase of 14 days. The 
post swelling phase lasted 13 days and menstrual flow for 2 days with 
a total length for the cycle of 28 days. In three of these cycles Wendy 


TABLE 3. Deviant CycLEs OF WENDY AS COMPARED TO HER AVERAGE CYCLE 
AND HER SHORTER CyYCLEs* 


Old Cycle 


New Cycle 
Menstruation Menstrual Casting Postswelling Menstruation Total 
Swelling Phase 
3 1 13 13 2 28 
4 2 14 Pregnant 
2 1 14 13 3 30 
3 2 13 14 2 27 
2 2 13 Pregnant 
3 1 13 Pregnant 
Average cycle 4 16 10 3 33 
Short. cycles 
11/38 0 16 12 1 29 
4/39 1 12 13 1 27 
3/42 2 14 10 2 28 


* All numbers except dates refer to number of days. 


was mated and each time conception occurred, so it is evident that 
these were ovulatory cycles despite the unusual characteristics of the 
first few days. In the other three cycles listed there was no opportu- 
nity for fertilization but if mating had occurred there is no reason to 
believe that conception would not have taken place. Since sexual 
swelling is produced only by a rise in estrogen level, it is necessary in 
these cases to assume increasing follicular activity concomitant with 
menstruation. 

If one measures cycle length from the end of the preceding men- 
struation, the beginning of detumescence is earlier in these six cycles 
than in her average cycle or in most of her shorter cycles (see Table 3). 
The times calculated in this, the customary manner, are 20 days for 
the average cycle, 16, 13, and 16 days for the short cycles and 12, 
12, 13, 11, 11 and 12 days for the six cycles under discussion. It is 
difficult to assign a definite length to cycles such as these. The interval 
between the cessation of menstruation and the end of the succeeding 
period of flow, although defined as the cycle length, is not necessarily 
correct in these instances. It is probable that considerable follicular 
growth and estrogen secretion had occurred by the time that cessa- 
tion of luteal function had affected the endometrium for in artificial 
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cycles even when full estrogenic replacement therapy (as measured 
by complete tumescence of the sex skin) is instituted there is an appre- 
ciable delay before early tumescence can be noted. There is no infor- 
mation as to the exact size a follicle must attain before secretion of 
estrogen at a rate sufficient to affect the sex skins begins, nor is there 
any information as to how much time must elapse between the attain- 
ment of an adequate blood estrogen level and the beginning of tumes- 
cence. However, if swelling of the sex skin begins during menstruation 
or concomitant with the onset of flow there must have been an ac- 
tively secreting follicle even earlier. In other words a cycle such as 
this begins (as indicated by the sex skin) before the preceding cycle 
(as dated by the cessation of flow) ends. The early occurrence of 
detumescence (and thus ovulation) cannot simply be considered to 
indicate a short cycle but on the contrary is a verification of the idea 
that the cycle began before the end of the preceding cycle. Observa- 
tions such as this would be impossible in those species lacking a genital 
swelling and a similar condition may have existed in some of those 
numerous cases in the human where conception has occurred in spite 
of careful adherence to the contraceptive tenets of the rhythm theory. 


INITIAL CYCLICAL EVENTS AT PUBERTY 


The variations in the shape, size, and color of the swellings in the 
adult are to some measure foreshadowed in the adolescent animal. 
There are, however, considerable differences especially in the promi- 
nence of the clitoral area. At the very beginning of activity of the sex 
skin all that can be noticed in some individuals is a ventral prolonga- 
tion of the labia, while in others the swelling consists of a small hemi- 
spherical mass involving both the labia and the anus. These swellings 
persist for varying lengths of time and are followed by variable peri- 
ods of quiescent sex skin differing from animal to animal and from cycle 
to cycle for the same animal. The first menstruation has occurred as 
early as 44 months after the first appearance of swelling or as late as 
3 years. As a general rule each successive swelling is slightly larger 
than the preceding one and full size may not be attained until after 
the menarche. The actual lengths of the different phases of the cycle 
in pubertal animals are discussed at some length by Young and 
Yerkes (1943) and need no further comment. The significance of the 
cyclical events at adolesence are discussed below in connection with 
the phenomenon of reinstitution of cycles after pregnancy. 


CHANGES IN SEX SKIN DURING PREGNANCY 


The sex skin varies in its activity during pregnancy. There may be 
as many as four or as few as no periods of swelling recorded as “‘maxi- 
mum”’ during gestation (Nissen and Yerkes, 1943). Not only do the 
number of swellings vary but there seems to be little regularity in the 
time relations of such swellings as do occur. This is well demonstrated 
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Fic. 2. Changes in sex skin during two successive pregnancies in Bula. 


in the two graphs of Figure 2 where the changes in the sex skin in two 
successive pregnancies in the same animal (Bula) are shown. The 
various steps correspond to the estimates made in the daily examina- 
tion. The lack of correspondence between the two graphs is evident. 
For comparison the graphs of two non-pregnant cycles and of two 
average cycles are shown in Figure 3. Usually it is only during the 
first trimester of pregnancy that the sex skin attains a size comparable 
to the maximum of the normal cycle. Large swellings do occur in later 
phases of pregnancy but we have never seen large swellings in either 
of the last two trimesters unless there have been more or less regular 
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Fig. 3. A. Changes in sex skin in two successive cycles in Bula. B. Two average cycles. 
The period of premenstrual quiescence is indicated by the vertical lines. 
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episodes of tumescence during the first trimester. In addition there are 
many minor and irregular fluctuations both in the size and in the color 
of the non-pigmented portions of the genital area. There also seems 
to be a slow trend towards a deeper shade of rose but otherwise the 
changes seem unsystematic. These events are explicable in terms of 
some of the phenomena observed in artificial cycles. In connection 
with other work (Birch and Clark, 1946) it was necessary to give 
Nira, who was both ovariectomized and hysterectomized, a follicular 
hormone and a luteal hormone for a considerable period of time. The 
resultant changes in her sex skin are shown in Figure 4. The periods 
of treatment with anhydrohydroxyprogesterone (10 mg/day by 
mouth) are indicated by the solid line and those with alphaestradiol 
(2 mg/day by mouth) by the dotted line. In the first experiment 
after 29 days of treatment with the progestational hormone the estro- 
gen was given in addition. The reverse was done in a second experi- 


MAX 


MAX 
PR 


B 


Fig. 4. Changes in sex skin during combined treatment with alphaestradiol and 
anhydrohydroxyprogesterone. A. Treatment with anhydrohydroxyprogesterone first 
followed by combined treatment. B. Treatment with alphaestradiol first followed by 
combined treatment. Period of treatment with anhydrohydroxyprogesterone indicated 
by solid line beneath graph. Period of treatment with alphaestradiol indicated by 
dashes beneath graph. 
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ment where, after a period of treatment with the estrogen, pregnenin- 
olone was also given. It will be seen (Figure 4) that the preliminary 
response of the sex skin was the same in both experiments. The latent 
periods between institution of estrogenic therapy and the onset of 
swelling and the time for attainment of complete tumescence were 
identical. It will be seen that in the second experiment the amount of 
pregneninolone was insufficient to produce total deturgescence and that 
after the swelling regressed to about } of the maximum size returges- 
cence occurred. For want of a better term one might call this an ‘“‘es- 
cape”’ of sex skin from the inhibitory action of the progesen. The simi- 
larity with the condition during pregnancy may be only suggestive. 
The individual variation (see Figure 2) is so great that other factors 
must also be operative. 


POSTPARTUM REINSTITUTION OF CYCLE 


During lactation the sex skin is so quiescent that it appears similar 
to that of the castrate or pre-adolescent and thus bears slight resem- 
blance to the resting sex skin of the late postswelling or of the preswell- 
ing phases in the normal animal. When cyclic activity begins anew 
the changes in.configuration of the sex skin in successive cycles re- 
mind one of the adolescent but are more rapid. The swellings are at 
first small in size with progressive increases in subsequent cycles. 
However, when the baby is taken from the mother immediately or 
if it is stillborn the first swellings may approach full size. As Young 
and Yerkes (1943) have shown the lengths of the various phases of 
the cycles are also suggestive of the adolescent but again the changes 
in successive cycles are more rapid. Indeed if one compares the length 
of the postswelling phase preceding the first menstrual period after 
pregnancy with the first postswelling phase succeeding the first men- 
struation, the difference is statistically significant. That is, if the men- 
strual period marked ‘‘A”’ in the graphs of the normal cycles of Figure 
3 was the one being considered then we would be comparing the period 
between the first parallel lines with the second. As determined by 
Fisher’s “‘t’’ method (Snedecor, 1946) the difference between the first 
and second postswelling phases is significant to better than the 1% 
level. Where lactation occurred the ‘“‘t’’ value is 3.503 and the re- 
quirement for the 1% level is 2.819. Where the baby was immediately 
taken from its mother or was stillborn the ‘‘t’”’ value is 3.332 and the 
requirement for the 1% level is 2.787. A similar comparison of the 
postswelling phases directly before and after the menarche reveals no 
significant differences. 

The increase in size of the swelling of the sex skin in successive 
cycles in the adolescent and after parturition, especially when there 
has been a long period of lactation, may be duplicated in the castrate 
female after the institution of replacement therapy. If only estrogen 
is given the swelling is small although the tension of the sex skin may 
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be maximal. When replacement therapy includes both estrogen and 
progesterone the size of each successive swelling rapidly increases to 
a maximum for the animal. Unless the dosage is sufficient, however, 
the swelling never becomes tense but only reaches a flabby state inter- 
mediate in size between the resting level and the maximum. In cycles 
where only estrogen was given the interval between the end of de- 
tumescence and the beginning of menstruation has never been greater 
than one day, but the interval becomes increasingly longer when both 
an estrogen and a progesten are given. 

Young and Yerkes (1943) tentatively concluded that the short 
postswelling phases seen in adolescents and following parturition 
were similar and were probably due to a deficiency in production of 
progesterone. This is only partially true. It was stated earlier that in 
artificial cycles, where the dosage of progesterone was insufficient, 
complete detumescence failed to occur. In such cycles when both 
hormones are withdrawn simultaneously the time relations of the 
resultant catemenia are similar to those in cycles where estrogen 
alone was given. This is in marked contrast to the short post swelling 
phases, for in these there is usually complete regression of the sex 
skin before the onset of menstruation. In fact in the first cycles after 
the menarche in 14 animals the period of premenstrual quiescence 
averaged 2.4 days with a range of 0-6 days. In only four animals was 
the period less than two days. It is therefore evident that a deficiency 
in progesterone alone could not produce the short postswelling phases 
of the adolescent and postparturitional animals, and it is tentatively 
suggested that an estrogen deficiency may also be present. It should 
be emphasized, however, that we have not as yet duplicated such 
cycles artificially and that final decision should be held in abeyance. 
It will be interesting to check the endometrium during these periods 


for this may supply a partial answer to the problem of adolescent 
sterility. 


COMPARISON OF CYCLE IN CHIMPANZEE AND 
IN THE CHACMA BABOON 


During the preparation of this paper an important monograph on 
the sex cycle of the chacma baboon appeared (Gillman and Gilbert, 
1946). In most particulars their data and ours are complementary. 
The cycle length in the chimpanzee, with a range of from 22 to 187 
days and a mean of 37.28+0.14 days (Young and Yerkes, 1943) is 
nearly as variable as in the baboon which has a range of from 17 to 
238 days and a mean of 39.63+0.7 days. In both the mode is much 
shorter being 33 days in the chimpanzee and 35 days in the baboon. 
It is probable that with skewed distributions such as these that the 
mode is the better measure of central tendency. The various subdi- 
visions of the cycle in the baboon are slightly longer than in the 
chimpanzee. In both animals ovulation occurs before the onset of 
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deturgescence but much remains before the variation in delay of de- 
tumescence is explainable. In the details of the menarche the two spe- 
cies show some differences. In the chimpanzee repeated swelling and 
deturgescence occurs before the first menstrual flow while in some ba- 
boons the menarche is ushered in by an initial catemenia. Since we 
have data on only 17 chimpanzees the possibility exists that a bloody 
show may occasionally be the first external indication of beginning 
periodicity. The size of the sex skin swelling becomes increasingly 
larger during each of the first few cycles. This is also true of the initial 
swellings following parturition. During gestation the baboon also has 
rhythmical changes in the size of the sex skin swelling but the time 
relations are different. In the baboon the initial detergescence follow- 
ing a fertile mating is slowly replaced by a slight swelling whose full 
size is not attained until about the 90th day. In contrast the first 
changes in the sex skin following a fertile mating except for the lack 
of menstruation, duplicate those of the normal cycle. In both time 
relations and size of the swelling there is initially no change from nor- 
mal. Another difference between the chimpanzee and the baboon is 
in the time that elapses between hormone withdrawal and menstrua- 
tion. In the baboon the interval between progesterone withdrawal 
and flow amounts to 2-5 days while for estrogen withdrawal the time 
is 10-15 days. By contrast in the chimpanzee the intervals between 
withdrawal and onset of flow are not noticeably different for proges- 
terone withdrawal and estrogen withdrawal. The significance of these 
species differences is obscure. 


CONCLUSIONS 

Menstruation does not necessarily indicate a quiescent ovary. In 
fact there may be an actively secreting follicle at such a time. 

There are probably considerable differences between the amounts 
of progesterone secreted in different cycles and in different animals. 

Estrogen therapy alone may not be sufficient to produce a maximal 
size swelling in the chimpanzee but only maximum turgidity. Com- 
plete duplication of sex skin alterations requires estrogen and proges- 
terone therapy. 

Under long continued progesten therapy the sex skin becomes un- 
responsive to progesterone and swellings will occur with threshold 
amounts of estrogen. We have termed this the progesterone ‘‘escape”’ 
phenomenon. 

The short postswelling phases in the adolescent and postpartum 
chimpanzee cannot be due to a deficiency in progesterone secretion 
alone. Another factor, probably inadequate estrogen secretion, seems 
to be involved. 


REFERENCES 


Brrcu, H. G., anp GEoRGE CLARK: (1948) in preparation. 
Exper, J. H.: Yale J. Biol. & Med. 10: 347. 1938. 


he 
= 
Ne 
| 
4 


October, 1948 REPRODUCTIVE CYCLE IN PRIMATES 231 


Exper, J. H., anv R. M. Yerkes: Anat. Rec. 67: 119. 1936. 

GILBERT, C., AND J. GintMAN: South African J. M. Sc. 8: 148. 1943. ; 

GILLMAN, J., AND C. GitBERT: South African J. M. Sc., Biol. Suppl. 11: 1. 1946. 

Hisaw, F. L., ano R. O. Greer: Endocrinology. 23: 1. 1938. 

Nissen, H. W., AND R. M. YerRKEs: Anat. Rec. 86: 567. 1943. 

SNEDECOR, G. W.: Statistical methods applied to experiments in agriculture and biology. 
4th. ed. Iowa State College Press, Ames. 1946. 

YeRKEs, R. M., ano J. H. Evper: Proc. Nat. Acad. Sc. 22: 276. 1936. 

Youne, W. C., aND R. M. YerkKEs: Endocrinology. 33: 121. 1943. 

ZucKERMAN, S8.: Proc. Zool. Soc., London. 691. 1930. 


a 


STUDIES ON THE BIOASSAY OF HORMONES 


SKEWED RESPONSE OF THE CHICK OvIDUCT TO 
BispEHYDRO DoISsYNOLIC 
Actip (MDDA)! 


RALPH I. DORFMAN 
With the technical assistance of Adeline S. Dorfman. 


From the Departments of Biochemistry and Medicine, Western 
Reserve University School of Medicine and Lakeside Hospital 
CLEVELAND 6, OHIO 


IN THE COURSE of our investigations on the role of vitamins in the 
action of estrogens on the chick oviduct it was observed that the re- 
sponses of the synthetic estrogen methoxy bisdehydro doisynolic 
acid (MDDA) were unique since the intragroup variation in White 
Leghorn chicks was extraordinarily great. This communication pre- 
sents the comparative oviduct responses to MDDA, estrone, estradiol 
benzoate, estradiol and stilbestrol in the White Leghorn chick and the 
oviduct responses to MDDA and stilbestrol on the Sex-linked chicks. 
It is the purpose of this paper to show that the skewed response of 
the oviduct occurs only for MDDA. 


ANIMALS, METHODS, MATERIAL 


The White Leghorn and Sex-linked pullets were obtained from Kerr 
Chickeries in Frenchtown, New Jersey. Treatment was begun on the fourth 
day of life and continued through the eighth day of life. The estrogens were 
dissolved in corn oil so that the total dose was contained in 0.5-c.c. of oil. 
The daily dose was contained in 0.1 c.c. of solution. Twenty-four hours after 
the last subcutaneous injection the animals were sacrificed with chloroform 
and body weight and oviduct weight was determined. All results are ex- 
pressed as 100 times the ratio of the oviduct weight in milligrams to the body 
weight in grams. 

The estrone, estradiol, estradiol benzoate, and methoxy bisdehydro 
doisynolic acid (MDDA) were generously supplied by Ciba Pharmaceutical 
Products, Inc. The stilbestrol was kindly supplied by Winthrop Chemical 
Co. 


EXPERIMENTAL 


The detailed data are presented in tables 1 and 2. Table 1 repre- 
sents the influence of various estrogens on the oviducts of the White 
Leghorn chick. The mean oviduct ratios are presented along with the 
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standard error (S.E.) and the range of the individual ratios within a 
given group. 
In the control groups (Table 1) the range in individual ratios varied 
TaBLeE 1. Response or Cuick Ovipuct To EstRoGENS 


(The estrogens were administered by subcutaneous injection to 
White Leghorn chicks.) 


Total Oviduct Ratio 
Estrogen Mean | R 
ug. +S.E ange 
No o | 17 + 0.9 | 5-15 
o | 15 | 947 
| 24 | 745 
o | 2 | 5-21 
| 0 | 25 10+0.5 | 612 
Estradiol | | 2 | 6944 | 52-417 
1600 23 | 105+ 7 | 60-209 
Estradiol Benzoate 100 44 | 22+1 | 10-40 
23 123+ 9 | 79-252 
Estrone | 40 18 16+ 0.9 | 9-23 
1280 40 75+ 1.0 | 31-135 
Stilbestrol 25 23 | 2+2 | 15-50 
50 24 | 55+ 2 | 43-79 
100 | 54 71+ 2 | 40-116 
200 53 143+ 6 60-339 
400 74 270 +10 130-562 
800 19 464 +29 278-746 
1600 | 18 564+27 329-698 
Methoxy bisdehydro | 100 | 18 17+ 3 7-57 
doisynolic acid (MDDA) 
| 400 | 42 | 101+28 13-735 
| 400 | 51 | 71415 19-459 
s00 | 36 +10 10-310 
1600 | 45 108 +33 14-945 
1600 | 43 224 +43 24-958 


by a factor of from 1.9 to 4.2 when the lowest and highest ratios are 
considered. The mean range factor for the five oil control groups 
was 2.6. Estradiol at a dose of 800 micrograms showed a ratio range 
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of from 52 to 117 or a factor of 2.3, while at 1600 micrograms the range 
was somewhat larger, 3.5. A range factor of 4.0 at 100 micrograms of 
estradiol benzoate and 3.2 at 400 micrograms of estradiol benzoate. 

The range factors for estrone were 2.6 and 4.4 respectively for total 
doses of 40 and 1280 micrograms. For stilbestrol similar magnitudes 
of variations were found. The range factor varied from 1.8 at 50 micro- 
grams to 5.6 at 200 micrograms. The mean range factor for the 
seven groups studies was 2.9. 

With MDDA the range in oviduct ratios in the White Leghorn 
appears to be significantly increased. If we consider all eighteen 
groups other than those treated with MDDA we find a mean range 
factor of 3.1. For MDDA at a dose of 100 micrograms a ratio range 
factor of 8.2 was found. At 400 micrograms in two different experi- 
ments range factors of 57.5 and 24.1 were found. At 800 micrograms 
the range factor was 31.0 while at the highest dose studied, 1600 
micrograms, the range factors of 67.5 and 39.9 were found. Over the 
dosage levels of 400, 800, and 1600 micrograms a mean range factor 
of 44 was found. 

Table 2 presents a series of experiments in which Sex-linked chicks 
were used. Here the intragroup ratio variation for stilbestrol treated 
chicks was similar to that found for the White Leghorns. The mean 
ratio range factor for the four dose levels studied was 2.3 for the Sex- 
linked groups while the men ratio range factor for the White Leg- 

horns was 2.9. 
When MDDA was administered subcutaneously to the Sex. 
linked chicks only one animal in all five groups showed an aberrant 
response. This response was found at 750 micrograms where one ani- 
TaBLE 2. RESPONSE OF Cuick Ovipuct To EstRoGENS 


(The estrogens were administered by subcutaneous injection 
to Sex-linked chicks.) 


To 7 i i 
Chicks + SE. Range 
Stilbestrol | 43 +2 37-57 
100 20 | 84+ 5 45-135 
200 20 | 89-326 
4co | 17 | 200+39 | 57-603 
MDDA 20 | 23 | 21+ 1 15-34 
40 | 2 | 22+ 1 11-29 
70 34+10 14-373 
ee 46+ 3 17-100 
1600 | 28 38+ 4 21-120 
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Fig. 1. Distribution of oviduct ratios of White Leghorn 
chicks treated only with the vehicle, corn oil. 


mal showed a ratio of 474 while the remaining 34 chicks in the group 
showed a ratio range from 14 to 104. At 750 micrograms the ratio 
range factor was 26.6. However, at the other four concentrations the 
variations were quite normal. The following range factors were found: 
at 200 micrograms, 2.3; at 400 micrograms 2.6; at 1500 micrograms 
5.9; at 1600 micrograms, 5.7. 

Figures 1 through 3 illustrate graphically the skewness of the 
oviduct response in White Leghorn chicks to MDDA as compared 
to that of control and estrone treated animals. 


DISCUSSION AND CONCLUSIONS 


It is apparent from the data that the response of the White Leg- 
horn chick oviduct to MDDA is unique. When Sex-linked chicks, a 
cross between Plymouth Rocks and Rhode Island Reds, were em- 
ployed the unusual skewed response was not found. The reason for 
the abnormal response of the White Leghorn chick oviduct to MDDA 
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Fig. 2. Distribution of oviduct ratios of White Leghorn 
chicks treated with 1280 yg. of estrone. 
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Fic. 3. Distribution of oviduct ratios of White Leghorn 
chicks treated with 1600 yg. of MDDA. 


is not apparent at this time. Since the oviduct response to MDDA in * 
Sex-linked crosses is quite normal the peculiar response may be a 
product of a particular genetic characteristic of the White Leghorn 
stock employed and particular metabolic transformation of MDDA. 
Since the usual tests for skewness may: not be adaptable to the 
data presented (Snedecor, 1947), detailed statistical analysis will not 
be presented at this time. In previous publications statistical analysis 
of the chick oviduct response to various estrogens and in various 
breeds has been presented. (Dorfman, 1948A, 1948B, 1948C) 


SUMMARY 


It has been demonstrated that the oviduct response of the White 
Leghorn chicks is peculiarly skewed to MDDA as compared to the 
responses to estrone, estradiol, estradiol benzoate, and stilbestrol. 


This peculiar skewed oviduct response was not observed with Sex- 
linked chicks. 
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EFFECT OF GROWTH HORMONE ON THE 
NITROGEN EXCRETION AND BODY 
WEIGHT OF ADULT FEMALE RATS! 


JOHN E. WHITNEY, LESLIE L. BENNETT, CHOH 
HAO LI, anp HERBERT M. EVANS 
From the Division of Physiology, and the Institute of Experimental Biology, 
University of California 
BERKELEY, CALIFORNIA 


INTRODUCTION 


Tue Fact that the hypophyseal growth hormone produces nitro- 
gen retention and body weight gain in rats is well established. That 
it is capable of producing continuous growth in normal adult female 
rats has likewise been established (Evans, Simpson, and Li, 1948). 
Using a crude growth hormone preparation, Collip (1934) found that 
when normal rats were continually injected with the same amount of 
hormone they became refractory to the nitrogen-retaining, weight- 
enhancing effect of the preparation. The present study was under- 
taken to establish whether the continual injection into normal rats 
of small doses of pure growth hormone would be associated with the 
development of a refractory state to either the weight-increasing or 
the nitrogen-retaining effect of the hormone. 


METHODS 


The hormone preparation used was prepared according to the previously 
published method (Li, Evans and Simpson, 1945) and 3 of the total daily 
dose was given intraperitoneally each morning and evening. The animals 
used were “‘plateaued” female rats of the Long-Evans strain between 5 and 
6 months of age at the beginning of the experiment. They were housed in 
individual metabolism cages and each animal was fed daily 14 gms of diet? 
which was completely eaten. Thus the food intake was constant throughout 
the experiment. Following an adaptation period of about 3 weeks, urines 
were collected and the animals weighed every forty-eight hours. Total 
nitrogen was determined by the micro-Kjeldahl procedure. The total period 
of study was 122 days. 

There were two groups of experimental animals consisting of 6 rats each. 
Following a pre-injection control period of 18 days each animal in one 
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group was given 50 gamma of growth hormone daily while each of those in 
the other group received 150 gamma daily. After 28 days of injection at this 
level, the daily dose was doubled for each group and was continued at the 
higher level for 22 more days. Next, was a 23-day control period in which no 
injection was given. After the second control period growth hormone was 
again administered but at the original dose level. This was continued for 18 
days and then a final control period of 12 days was carried out. 


RESULTS AND COMMENT 


The data are presented graphically in Figs. 1 and 2 in which are 
shown the mean daily urinary nitrogen excretions, together with the 
daily standard deviations of the means. It will be seen that the initial 
administration of hormone at both the 50 and the 150 gamma dose 
levels produced nitrogen retention and body weight gain but that 
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these effects did not persist. The body weight tended to plateau again 
and the urinary nitrogen excretion returned to its original pre-injection 
level. When the amount of hormone given was doubled, nitrogen re- 
tention and body weight gain was produced once more. But again 
these effects were evident only during the first part of the period of 
hormone administration. 

When the growth hormone administration was discontinued, the 
animals which had been receiving 300 gamma of hormone per day 
lost weight and had a daily urinary nitrogen excretion appreciably in 
excess of that during the pre-injection control period. The body weight 
and nitrogen excretion of the animals which had received previously 
100 gamma of hormone per day remained stable throughout the sec- 
ond control period. When growth hormone was readministered at the 
initial dose, level no effect was produced by the 50 gamma dose. In 
fact, the urinary nitrogen excretion increased during this period of 
treatment. The readministration of hormone at the 150 gamma level 
again produced a transient nitrogen retention and body weight gain. 

These observations are not in conflict with the previously reported 
fact (Evans, Simpson, and Li, 1948) that growth hormone will pro- 
duce continued growth in normal rats if the dose level is progressively 
increased. There are two likely possibilities as to the explanation of 
the lack of persistence of the effect of a continual administration of 
small doses of hormone. First, the supply of exogenous hormone may 
have suppressed the endogenous secretion of growth hormone by the 
animals own pituitary. If this were the explanation, repeated small 
doses of hormone should have a constant effect in hypophysectomized 
rats. Second, there may have developed anti-growth substances in 
the treated animals. Proof of this hypothesis would be furnished by 
the in vivo antagonism by the serum of treated animals of growth 
hormone action. This has not been demonstrated. 


SUMMARY 


Urinary nitrogen excretion and body weight of two groups of 6 
animals each of ‘‘plateaued’”’ normal female rats were followed for 
122 days. Initially growth hormone was administered at a dose of 50 
and 150 gamma per day for 28 days. Both dose levels produced nitro- 
gen retention and body weight gain only during the first half of the 
injection period. The original dose was doubled for an additional 22- 
day period and again a transient period of nitrogen retention and body 
weight gain resulted. After an additional 23-day control period, the 
readministration of 50 gamma of hormone was without effect, while 
the readministration of 150 gamma of hormone again produced a 
transient period of nitrogen retention and body weight gain. 
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EFFECTS OF PITUITARY ADRENOCORTICO- 
TROPIC HORMONE ON THE INTACT RAT, 
WITH SPECIAL REFERENCE TO CYTO- 
CHEMICAL CHANGES IN THE 
ADRENAL CORTEX’? 


GRACE E. BERGNER?* ann HELEN WENDLER DEANE 
From the Medical Clinic, Peter Bent Brigham Hospital, and the Departments 
of Medicine and Anatomy, Harvard Medical School 
BOSTON MASSACHUSETTS 


THE AVAILABILITY of adequate quantities of pituitary adrenocorti- 
cotropic hormone provided the opportunity for testing the hypothesis 
that, in the rat, the secretion of only the cortical ‘‘sugar’’ factors is 
under pituitary control (Swann, 1940; Sarason, 1943; Deane and 
Greep, 1946). Morphological evidence obtained thus far suggests that 
these hormones (the 1l-oxygenated corticosteriods) are secreted by 
the zona fasciculata of the adrenal cortex. This zone atrophies follow- 
ing hypophysectomy, but may be restored to normal by the adminis- 
tration of adrenocorticotropin (Simpson, Evans and Li, 1943). 
Furthermore, the zone enlarges and appears hyperactive when ani- 
mals with intact pituitaries are subjected to physiological demands for 
increased gluconeogenesis (Dalton, Mitchell, Jones and Peters, 1944; 
Deane and McKibbin, 1946). The salt-regulating hormones of the 
adrenal do not seem to be under: pituitary control in the rat. Salt 
balance is not seriously disturbed following hypophysectomy. More- 
over, retention of sodium chloride does not follow the administration 
of adrenocorticotropin (Ingle, Li and Evans, 1946; Ingle, Prestrud, Li 
and Evans, 1947). Hormones of the salt-regulating type appear to be 
secreted principally by the outermost zone of the cortex, the glomeru- 
losa. This zone atrophies and becomes inactive when desoxycortico- 
sterone acetate is administered over a prolonged period (Greep and 
Deane, 1947). On the other hand, the glomerulosa enlarges and ap- 
pears active in rats relatively deficient in sodium; the latter alteration 
develops in hypophysectomized as well as intact rats (Deane, Shaw 
and Greep, 1948). 
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The present investigation represents an attempt to discover 
whether or not the secretion of both the “‘salt’’ and ‘“‘sugar’’ hormones 
of the adrenal cortex is stimulated by adrenocorticotropin in the rat. 
Following the administration of hormone, changes in the size of the 
adrenals and in the two major zones of the cortex were studied. 
These changes were correlated with alterations in the weight of the 
thymus and in the levels of chemically-determined steroid in the ad- 
renal, of nitrogen and electrolyte excretion, and of glycogen in the 
liver. The effects of both short-term and prolonged administration of 
the hormone were investigated. 


MATERIAL AND METHODS 
Experimental plan 


1. Short-term experiments. Experiments lasting 24 hours were carried out 
on groups of male rats of the Sprague-Dawley strain weighing between 60 
and 250 grams. The animals were fed a diet of Purina dog chow until 8:30 
A.M. of the day of the experiment, when they were weighed and transferred 
to individual cages. No food was supplied, but distilled water was provided 
ab libitum. Five mg per cc of adrenocorticotropin (Armour, sample #21B°) 
was dissolved in an alkalinized 1 per cent saline solution, and the fasting rats 
received subcutaneous injections of selected amounts of the solution at 6- 
hour intervals during the succeeding 18 hours. As will be described below, 
the experiments were designed to test the effect of dosage and duration of 
treatment. Six hours after the final injection (24 hours total fast), the ani- 
mals were weighed, killed by a blow on the head and autopsied. As controls, 
some rats were fasted but otherwise untreated; some received 0.5 cc of a 1 
per cent sodium chloride solution on the same time schedule; others received 
pituitrin in amounts comparable to that contaminating the adrenocortico- 
tropin preparation.® 

The 24-hour output of urine was collected free from stools in a dish cov- 
ered with wire-mesh. At the end of the day the pan and wire-mesh flooring 
were thoroughly flushed with water. An aliquot of this solution was preserved 
with thymol in the refrigerator for chemical analysis. 

2. Long-term experiment. A long-term experiment lasting 12 days was 
carried out on a group of 19 male rats of the Sprague-Dawley strain weighing 
about 225 grams. These animals were transferred to a medium-carbohydrate 
diet (Table 1) which was given by stomach tube. The diet was similar to 
that used by Reinecke, Ball and Samuels (1939). In order to avoid ‘‘food 
shock,” the rats were given small quantities of the mixture for the first day, 


5 Two samples of adrenocorticotropin prepared from hog pituitaries were used. 
The hormone was purified by isoelectric precipitation in the cold and was claimed to 
contain negligible amounts of other anterior pituitary hormones. Sample #21B con- 
tained 0.12 units posterior pituitary oxytocic and pressor activity per mg. It was only 
slightly soluble in a 1 per cent solution of sodium chloride but could be dissolved in 
saline solution alkalinized to pH 8. Sample #13-10-6 contained 0.07 units oxytocic and 
pressor activity per mg. It was readily soluble in a 1 per cent saline solution. Relative 
potencies of these two samples as compared to Armour’s Standard Preparation (La-I- 
A), which shows a measurable decrease in adrenal ascorbic acid with as little as 2 ug of 
hormone by the test of Sayers and Sayers (1945), were as follows: #21B, 102 +8%; 
#13-10-6, 83 +9%. 
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TABLE 1. COMPOSITION OF THE MEDIUM CARBOHYDRATE DIET FOR TUBE-FEEDING THE 
Rats ON THE LONG-TERM EXPERIMENT. THE ANIMALS RECEIVED 
24 cc oF THE MixTuRE Daly. 


Constituent Amount 
Casein (Vitamin Test, Chagrin Falls) 160 g 
Starch 300 g 
Dextrin 150 g 
Sucrose 140 g 
Cellu flour (Chicago Dietectic Supply Co.) 120 g 
Dried yeast (Anheuser-Busch) 100 g 
Salt mixture (Phillips and Hart IV) 40 g 
Vitamin K (Menadione, Merck) 100 mg 
Mazola oil 200 ce 
Cod liver oil 10 ce 
Wheat germ oil 10 ce 
Water, to make a total of 2000 ce 


then larger amounts, so that they attained the full amount of 12 cc per feed- 
ing 2 days before the beginning of injections. Two feedings were given a day, 
one at 8:30 aM and one at 4:30 pm. The two feedings supplied about 7 g of 
available carbohydrate. Distilled water was provided ad libitum. 

Adrenocorticotropin sample #13-10-65 was used for this experiment. 
The hormone was dissolved in a 1 per cent solution of sodium chloride at a 
concentration of 8 mg per cc. This solution was made up fresh daily and kept 
refrigerated. Subcutaneous injections of 0.5 ce were given to 13 of the rats at 
8-hour intervals, starting at 8:00 am on the first day of the experiment. The 
injections provided 12 mg hormone daily. For control purposes, 0.5 ce of a 1 
per cent solution of sodium chloride was given to each of the other 6 rats, on 
the same time schedule. Urine was collected every 48 hours. Four experi- 
mental and 2 control rats were killed on the 4th, 8th, and 12th days of the 
experiment, respectively, after fasting the previous 24 hours. 


Analytical methods 


At autopsy, the liver, the two adrenal glands and the thymus gland were 
carefully weighed. 

A piece of the right lobe of the liver was excised immediately for deter- 
mination of glycogen. For chemical analysis, the piece was placed in a tared 
vessel containing 30 per cent potassium hydroxide, and the glycogen content 
was measured by a modification of the technique of Good, Kramer and 
Somogyi (1933). The Somogyi (1945) method was used for determining the 
reducing sugar after hydrolysis. In one experiment the quantity of glycogen 
in the liver was estimated visually in histochemical preparations. For this, 
the piece of liver was fixed in chilled picro-alcohol-formalin (Rossman’s 
fluid), embedded in paraffin and sectioned at 5u. Glycogen was visualized by 
the Bauer-Feulgen reaction (Bensley, 1939). 

The right adrenal gland was macerated in a mixture of equal parts of 
acetone and alcohol for the determination of total steroid (‘cholesterol’), 
according to the method of Sperry and Schoenheimer (Sperry, 1938). The 
left adrenal gland was fixed in a 10 per cent neutralized formalin solution for 
the cytochemical identification of ketosteroids in the cortex. After 48 hours’ 
fixation, the gland was washed in running water for an hour and then sec- 
tioned on a freezing microtome at 15. One section was stained with sudan 
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IV and Harris’ hematoxylin, another with sudan black B, and a third by the 
Schiff “plasmal’’ method; these were mounted in glycerin jelly. Two sections 
were mounted unstained in glycerin; one of these was untreated and the 
other had been extracted for one-half hour in acetone at room temperature. 
The latter two sections were examined under the polarizing and fluorescence 
microscopes for acetone-soluble materials exhibiting birefringence and auto- 
fluorescence. This variety of methods is believed to identify ketosteroids 
under the conditions employed, since no other known type of compound is 
Schiff-positive, birefringent and autofluorescent as well as acetone-soluble 
and sudanophilic (Dempsey and Wislocki, 1946). 

The following urine analyses were made. The presence of glucose was as- 
certained by the Benedict reaction. Total nitrogen was determined by the 
method of Daly (1933). The amount of chloride was obtained by the tech- 
nique of Schales and Schales (1941), with the precautions noted by Asper, 
Schales and Schales (1947). Total phosphorus was measured by the method 
of Allen (1940). The quantities of sodium and potassium were determined 
on a flame photometer with an internal lithium standard® (Berry, Chappell 
and Barnes, 1946). 


OBSERVATIONS 
A. Short-term experiments 


Four different types of 24-hour experiment were undertaken to 
study the short-term effects of the adrenocorticotropic hormone. The 
experiments were designed to test the effect of dosage level (Exps. a 
and b) and of duration of treatment (Exps. ¢ and d). The adrenal 
and thymus glands were weighed, and the total amounts of adrenal 
steroid, liver glycogen, and urinary nitrogen and chloride were de- 
termined, as well as the quantity and distribution of ketosteroids in 
the adrenal cortex in cytochemical preparations. 

Fasting, handling and injecting rats lead to a variable “alarm” 
reaction. Therefore all of the control animals were fasted. In addition, 
some were injected with a solution of sodium chloride in the same vol- 
ume as the hormone solution on similar time schedules. Moreover, 
since the samples of hormone employed contained up to 0.12 units of 
posterior pituitary oxytocic or pressor activity per mg, a third group 
of control rats was injected with pituitrin in amounts comparable to 
that received by the experimental animals. Identical tests were ap- 
plied to the control rats. 


Control experiment 


In the basic control experiment, fasting rats received 3 injections 
of 0.5 ec of a 1 per cent saline solution or of 0.28 units pituitrin (Parke- 
Davis) at 8-hour intervals (0, 8 and 16 hours). Eight hours after the 
last injection the animals were killed. The figures for liver glycogen, 
urinary nitrogen and chloride, thymus adrenal weight and total ad- 


6 We are indebted to Dr. William Wallace, Boston Children’s Hospital, for carrying 
out the sodium and potassium determinations. 
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renal steroid for these rats are presented in Table 2. No difference 
between the two groups was observed except in chloride excretion, 
which was higher in the animals receiving pituitrin. 

The cytochemical preparations of the adrenal glands of both of 
these groups of rats resembled those of uninjected, fasted controls. 
All displayed the normal distribution of ketosteroids in the cortex 
(see Deane and Greep, 1946; Deane and Shaw, 1947; Greep and Deane 
1947). That is, sudanophilic droplets, which were autofluorescent and 
Schiff-positive and contained birefringent particles, were crowded in 


TABLE 2. Gross ANATOMICAL AND CHEMICAL DaTA FOR THE ContTROL Rats. FAsSTED 
Rats INJEcrED witH 0.5 cc 1 Per Cent Soprum CHLORIDE oR 0.28 Units 
3 Times at 8-Hour INTERVALS AND KILLED 8 Hours Arrer Last INJECTION 
(Tora, 24 Hours) 


Total Urine Adrenal glands 


Thymus wt., 
No. Wt. liver N : wt., steroid, 
Treatment rats g glycogen, me me/ me/ 100 g mg/ 100 
mg 4q .wt. mg gland 
Saline 2 237 8 87 .24 155 22.7 4.70 
Pituitrin 2 238 8 73 .62 212 21.3 4.70 


the cells of the zona glomerulosa, absent from a transitional zone 
between the glomerulosa and fasciculata, abundantly present in the 
outer fasciculata, and virtually absent from the juxtamedullary 
region (Figs. 4, 6 and 8). The birefringent particles in both the 
glomerulosa and outer fasciculata were characteristically mixed in 
size, some being fine and some coarse. 

It can be concluded from these chemical and cytochemical data 
that neither the injection of pituitrin in amounts comparable to that 
contaminating the adrenocorticotropin samples nor the injection of 
saline induced any significant alteration in the adrenal cortex. With 
comparable amounts of posterior pituitary hormone, Sayers, Sayers, 
Fry, White and Long (1944) likewise failed to obtain adrenal hyper- 
trophy or a fall in adrenal ‘“cholesterol.’’ The chloruetic effect of 
pituitrin may have accounted for the increased chloride excretion 
in the group of rats receiving this hormone. 


Effects of adrenocorticotropic hormone (sample #21B) 


a. Four injections of 2.6 mg hormone. Ten mg adrenocorticotropin 
was administered to fasting rats in 4 equal doses of 2.5 mg every 6 
hours (0, 6, 12 and 18 hours). The animals were killed 6 hours after 
the last injection. The following changes from the control condition 
were observed. A considerable deposition of glycogen occurred in the 
liver (equivalent to more than 1000 mg per 100 g wet liver). Nitrogen 
and chloride excretion both increased. The weight of the paired adrenal 
glands increased, whereas total adrenal steroid decreased appreciably, 
as did thymus weight (Table 3). 
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As judged by the cytochemical preparations, the ketosteroids of 
the zona fasciculata declined sharply in all of the animals receiving 
10 mg hormone over a period of 24 hours. Sudanophilic droplets dis- 
appeared almost entirely from the inner part of the fasciculata and 
became more irregular in distribution peripherally (Fig. 5). Bire- 
fringent particles became sparse, and the remaining ones were all 
fine, rather than mixed in size (Fig. 7). Although the number of Schiff- 
positive and autofluorescent droplets declined, the intensity of these 
reactions in the residual droplets remained intense. Other changes in 


TABLE 3. Gross ANATOMICAL AND CHEMICAL Data FOR FastrED Rats RECEIVING 10 MG 
ADRENOCORTICOTROPIN IN 4 Doszs oF 2.5 MG AT 6-Hour INTERVALS. ANIMALS KILLED 
6 Hours Arter Last InJecrion (Tora, 24 Hours). THe First Group oF CoNnTROL 
Rats ReceEiveD 0.5 cc 1 Per Cent SoprumM CHLORIDE PER INJECTION, 
THE SECOND Group was UNTREATED 


Total Urin Thymus 

a No. Wt., liver — wt., wt., steroid, 
rats g glycogen, me/100 g mg/100¢ mg/100 
mg 8 4 b. wt. mg gland 

Saline 3 233 18 173 .68 — 20 4.38 
Hormone 3 236 174 192 1.96 —_ 32 3.06 
None 2 194 26 —_— — 162 20.9 3.20 
Hormone 2 


194 119 — — 117 22.3 2.89 


these adrenals included a widening of the whole fasciculata, a broad- 
ening of the transitional zone, and the development of large watery 
vacuoles in the cells of the outer fasciculata (Fig. 5). The zona 
glomerulosa, however, was unaffected by hormone injection in all of 
the short-term experiments (Figs. 5, 7, 9, 10, and 11). 

In conclusion, these chemical and cytochemical results suggest 
the release of steroid hormones by the fasciculata under the influence 
of adrenocorticotropin. The decrease in chemically-determined ster- 
oid in the gland was accompanied by a reduction of ketosteroid 
droplets in the fasciculata. Moreover, there were other signs of in- 
creased secretory activity by the cells in the fasciculata. For ex- 
ample, the birefringent particles became finer, and the presence of 
uniformly fine birefringent material has repeatedly been shown to 
accompany hormone release (Weaver and Nelson, 1943; Deane and 
Shaw, 1947; Deane and Greep, 1947). The maintenance of the Schiff 
reaction in the residual droplets suggests the continued generation of 
carbonyl groups, which would be expected to accompany the forma- 
tion of active hormones from precursors such as cholesterol (Bloch, 
1945). Watery vacuolation of the cells in the outer fasciculata has also 
been observed frequently in the response to physiological stress (see 
Deane and Shaw, 1947, Fig. 2). The various metabolic changes ob- 
served, i.e., thymus involution, increased liver glycogen and the in- 
crease in urinary nitrogen and chloride, all point to a more rapid re- 
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lease of 11-oxygenated corticosteroids (Dougherty and White, 1945; 
Ingle and Thorn, 1941; Thorn, Engel and Lewis, 1941), although it is 
possible that some of the rise in chloride excretion may have resulted 
from the pituitrin contaminating the hormone product (Table 2). 
The changes noted simulate those resulting from a typical ‘‘alarm”’ 
reaction to physiological stress (Selye, 1946; Deane and Shaw, 1947). 

In a recent review, Sayers and Sayers (1948) have indicated by 
diagrams that reduction of glomerulosal lipid follows adrenocortico- 
tropin administration or physiological stress. However, in the one 
photomicrograph presented (Fig. 1b), thefasciculata appears exhausted 
of lipid, while the glomerulosa retains its full complement. No evi- 
dence was given for increased secretion of salt-regulating hormones. 

b. Four injections of smaller amounts of hormone. To obtain an 
indication of the amount of adrenocorticotropin required to produce 
adrenal stimulation and the associated metabolic changes, two groups 
of fasting rats were injected with doses smaller than 2.5 mg at 6-hour 
intervals (0, 6, 12 and 18 hours). The animals were killed 6 hours after 
the last injection. These rats were smaller than in Exp. a, the first 
group weighing about 60 grams and the second 90 grams. For the 
first group, the amount of glycogen in the liver was estimated visually 
in preparations stained by the Bauer-Feulgen technique. 

In the rats weighing 60 grams (Table 4A), adrenal weight in- 
creased with as little as 0.63 mg hormone per injection (total, 2.5 mg). 


TaBLeE 4. Gross ANATOMICAL AND HISTOCHEMICAL Data FoR FastEeD Rats RECEIVING 
DIFFERENT Doses OF ADRENOCORTICOTROPIN 4 TimMEs AT 6-HourR INTERVALS. 
ANIMALS KILLED 6 Hours AFTER THE Last INJEcTION (ToTaL, 24 Hours). 


A. 
Liver Adrenal 
Thymus wt. 
No. Wt., glycogen* ? glands wt., 
Treatment rats g (visual mg/ os & mg/100 g 
judgment) b. wt 
None 1 75 253 22.6 
Saline, 0.5 ce 1 66 + 260 » V4.7 
Hormone, 0.63 mg 1 62 os 258 30.6 
Hormone, 1.25 mg 1 64 + 225 30.3 
Hormone, 2.5 mg 1 58 pe 131 31.2 
+ Adrenal gland 
renal glands 
No. Wt., wt., steroid 
rats g mg/100 g mg/100 
= b. wt. mg. gland 
Saline, 0.25 cc 3 89 345 32.6 2.92 
Hormone, 0.6 mg 3 86 319 35.5 2.20 
Hormone, 1.25 mg 3 92 304 30.5 1.76 
Hormone, 1.9 mg 3 88 296 35.0 1.54 
Hormone, 2.4 mg 3 81 288 37.5 0.94 


* Liver glycogen was evaluated on a basis of 0-4+. + indicates that only scattered cells contained glyco- 
gen; +++ indicates that considerable glycogen was present in the central part of the lobule. 
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Thymus involution began with the dose of 1.25 mg (total, 5 mg). 
Increased deposition of glycogen in the liver occurred only with the 
2.5 mg dose (total 10 mg). In the rats weighing 90 grams (Table 4B), 
adrenal steroids fell progressively with increasing dosage. Thymus 
involution was significant with 1.25 mg per injection. However, for 
this group the data do not clearly indicate at what dosage-level 
adrenal hypertrophy occurred. 

The cytochemical preparations of the adrenals of these rats re- 
vealed a significant decrease of ketosteroids from the fasciculata with 
a total dosage of 5 mg hormone in the first group and 7.6 mg in the 
second. With 10 mg the effect was more pronounced in these small 
rats then in the larger animals used in Exp. a (compare Figs. 7 and 9). 
With smaller doses (5—7.6 mg), the alterations were similar to, but less 
extreme than, those obtained with 10 mg. That is, sudanophilic drop- 
lets disappeared from the innermost part of the fasciculata with the 
small doses and more peripherally with larger ones. Birefringent 
particles became fine with the small doses and less numerous with 
larger ones. Particles had completely disappeared from the fasciculata 
with a total dose of 10 mg hormone (Fig. 9). Again, the Schiff reaction 
and autofluorescence of any residual droplets remained intense. 

This experiment suggests that adrenal changes following treat- 
ment with adrenocorticotropin (hypertrophy of the gland and a 
decrease in its steroid content, both chemically and cytochemically) 
may occur without any significant deposition of glycogen in the liver. 
Only larger doses, probably resulting in the secretion of much more 
hormone, produce this effect. Moreover, a comparison of these results 
with those for larger rats (Table 3) indicates that 10 mg hormone 
produces more extreme effects in small rats (60-90 g) than in large 
ones (195-230 g). 

c. Injection of 10 mg hormone in periods shorter than 24 hours. To 
determine whether any difference exists in the time of reaction to the 
administration of adrenocorticotropin by the cortex and by the rest 
of the body, rats were killed 6, 12, 18 and 24 hours after the beginning 
of treatment. In this experiment, all of the rats were starved 24 hours, 
and all received a total of 10 mg hormone. The first group received a 
single injection of 10 mg on the 18th hour of the fast; the second, 2 
injections of 5 mg at 12 and 18 hours; the third, 3 injections of 3.3 mg 
at 6, 12 and 18 hours; and a final group, 4 injections of 2.5 mg at 0, 6, 12 
and 18 hours. All animals were killed at the end of the 24-hour fast. 

Inspection of Table 5 reveals that total adrenal steroid decreased 
within 6 hours and reached the lowest level at 12 hours. With more 
prolonged treatment, there was a gradual return toward the original 
proportion. Adrenal weight, on the other hand, reached its maximum 
only with treatment of 18 hours, after an initial fall. Thymus involu- 
tion was detectable at 6 hours, the deposition of glycogen in the liver 
only at 18-24 hours. 
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TaBLeE 5. Gross ANATOMICAL AND CHEMICAL DaTa FOR FastED Rats RECEIVING 
A TOTAL OF 10 MG ADRENOCORTICOTROPIN IN 1, 2, 3 oR 4 INJECTIONS AND KILLED 
6 Hours AFTER THE InsJection (Tota Starvation, 24 Hours). 


iver wt., steroid, 

Treatment rats g glycogen, mg/l ido Og me/ 100 g mg/100 
mg wt. mg gland 

None 2 217 19 162 17.3 3.33 

1 inj. (10 mg) 2 269 10 92 13.7 1.69 

2 inj. (5 mg) 2 241 27 129 17.3 1.52 

3 inj. (3.3 mg) 2 234 50 103 20.8 1.72 

4 in}. (2.5 mg) 2 247 121 52 18.0 2.10 


A study of the cytochemical preparations of these adrenal cortices 
revealed the following changes in the zona fasciculata. The adrenals 
of animals receiving individual injections larger than 3.3 mg were 


EXPLANATION OF PLATE 1 


All photomicrographs are of rat adrenal glands that were fixed in 10 per cent neu- 
tralized formalin for over 2 days, washed thoroughly and sectioned at 15y on the freez- 
ing microtome. The borders of the cortex have been drawn in on the photographs of 
birefringence preparations. All figures on this plate X90. 

Fics. 4-7. Experiment a, in which fasting rats received 10 mg adrenocorticotropin 
in 4 divided doses at 6-hour intervals. Animals killed at end of 24 hours. 

Fic. 4. Control rat, 4 injections of 0.5 ce saline. Sudan IV and hematoxylin. Sudan- 
ophilic droplets are densely packed in the cells of the zona glomerulosa and the outer 
fasciculata, with a lipid-poor transitional zone between. Relatively little lipid occurs in 
the juxtamedullary region. 

Fia. 5. Experimental rat, 4 injections of 2.5 mg hormone. Sudan IV and hematoxylin. 
The fasciculata is considerably broader than in Fig. 1. The glomerulosa contains the 
usual complement of lipid. The transitional zone is broadened. Lipid has entirely dis- 
appeared from the inner fasciculata and is less uniformly distributed in the outer fascic- 
ulata. The cells of the fasciculata appear considerably swollen in comparison to normal, 
and many display watery vacuoles. 

Fic. 6. Control rat, uninjected. Birefringence preparation. A mixture of fine and 
coarse birefringent particles occurs in the glomerulosa and in the outer three-quarters 
of the fasciculata. 

Fic. 7. Experimental rat, 4 injections of 2.5 mg hormone. Birefringence preparation. 
The fasciculata appears broadened. The birefringent particles in the glomerulosa are 
unaltered, while those in the fasciculata are sparser, finer and duller than in Fig. 6. 

Fias. 8 and 9. Experiment b, in which fasting small rats were injected with 10 mg 
adrenocorticotropin or less in 4 divided doses at 6-hour intervals. Animals killed at end 
of 24 hours. Birefringence preparations. 

Fig. 8. Control rat, uninjected. Birefringent material occurs in the glomerulosa 
and throughout the fasciculata. 

Fic. 9. Experimental rat, 4 injections of 2.5 mg hormone. The glomerulosa is un- 
affected. All birefringent material has disappeared from the fasciculata. More pro- 
nounced depletion than in a larger animal receiving same dose (Fig. 7). 

Fia. 10. Experiment c, in which fasting rats received a total of 10 mg. adrenocorti- 
cotropin in varying number of injections. Rat receiving 10 mg in 1 injection and killed 
6 hours later. Birefringence preparation. The transitional zone appears much broader 
than in Fig. 6. The fasciculata is broad; fine birefringent material has disappeared en- 
tirely; and all birefringent material has gone from the inner portion. 

Fic. 11. Experiment d, in which fasting rats received 2.5 mg adrenocorticotropin 
for a different number of times. Rat receiving 3 doses (total 7.5 mg) and killed 18 hours 
after the first. Birefringence preparation. The glomerulosa retains its birefringent mat- 
erial. Only sparse, small particles remain in the fasciculata. Less material present 
than with treatment for 24 hours (Fig. 7). 
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much more abnormal than those of animals receiving injections of 
2.5 mg. The cells appeared highly vacuolated, the sinusoids distended, 
and the transitional zone unusually broad. 

So far as the duration of treatment was concerned, the birefringent 
material was already somewhat depleted at 6 hours (Fig. 10) and 
became progressively finer and further reduced in quantity with 
longer treatment. Least was detectable at 18 hours. The sudanophilic 
material was also somewhat depleted in the inner fasciculata at 6 
hours and most at 18 hours. As before, the Schiff reaction and auto- 
fluorescence of any residual lipid droplets remained intense. 

d. Injection of less than 10 mg hormone in periods shorter than 24 
hours. In order to ascertain that the time effects noted in Exp. ¢ were 
not due principally to the sizes of the doses used, groups of fasting rats 
were given 2.5 mg hormone on the same time schedule as above, 
namely, 1 injection at the 18th hour of the fast, 2 injections at 12 and 
18 hours, 3 injections at 6, 12, and 18 hours, and 4 injections at 0, 6, 12 
and 18 hours. The animals were killed at the end of the 24-hour fast. 

While the effects obtained were less marked with the small doses 
employed in this experiment than in Exp. c, the time relations were 
similar (Table 6). Adrenal steroids had already decreased at 6 hours 
and reached their minimum at 12 hours. Adrenal weight rose only at 
18 hours. Thymus weight declined, beginning at 12 hours; liver 
glycogen was significantly increased only at 24 hours. 

The cytochemical preparations also agreed with those in Exp. c. 
As previously noted, the dosage of 2.5 mg caused no particular dis- 


EXPLANATION OF PLATE 2 


Adrenal cortices of rats tube-fed a medium-carbohydrate diet and injected with 12 
mg adrenocorticotropin daily or with saline over a period of several days. All figures on 
this plate X75. 

Fias. 12 and 13. Rats treated for 4 days. 

Fig. 12. Control animal receiving saline. Birefringence preparation. Birefringent 
particles of mixed size are crowded in the glomerulosa and outer fasciculata, less 
crowded in the juxtamedullary region. 

Fig. 13. Rat receiving hormone. Birefringence preparation. The cortex is broader 
than in the control and contains birefringent material throughout. 

Figs. 14-17. Rats treated for 8 days. 

Fig. 14. Control animal receiving saline. Birefringence preparation. Similar to Fig. 
12. 

Fia. 15. Rats receiving hormone. Birefringence preparation. Similar to Fig. 13. 

Fig. 16. Control animal receiving saline. Sudan black B. Sudanophilic lipids are 
concentrated in the glomerulosa and outer fasciculata. No transitional zone occurs. 

Fig. 17. Rat receiving hormone. Sudan black B. Lipids occur throughout the broad 
cortex and are unusually concentrated in the inner part of the fasciculata. No transi- 
tional zone is present. A conspicuous reticularis has developed. 

Figs. 18 and 19. Rats treated for 12 days. 

Fic. 18. Control animal receiving saline. Sudan IV and hematoxylin. No change has 
occurred in the distribution of lipids in the cortex in comparison to Fig. 16. 

Fic. 19. Rat receiving hormone. Sudan IV and hematoxylin. Lipids have begun to 
disappear from the inner part of the cortex. Birefringent particles had likewise gone 
from this region. Prominent reticularis. 
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TasLe 6. Gross ANATOMICAL AND CHEMICAL Data FOR FastED Rats RECEIVING 
2.5 MG ADRENOCORTICOTROPIN 1, 2, 3, AND 4 TimEs AND KILLED 6 Hours AFTER 
THE Last InsEcTION STARVATION, 24 Hours). 


Total Adrenal glands 

No. Wt., liver /100 wt., wt., steroid, 

rats g glycogen, 4 wr & mg/100 g mg/100 

mg i b. wt. mg gland 

None 2 194 26 162 20.9 3.20 
1 inj. 2 211 58 183 20.4 2.61 
2 inj. 2 200 40 114 20.7 2.09 
3 inj. 2 197 44 68 23.8 2.38 
4 in}. 2 194 119 117 22.3 2.89 


tortion of the adrenal cortex. However, a decline in the ketosteroid 
content of the zona fasciculata developed, appearing most extreme at 
18 hours (Fig. 11). 

These two experiments (c and d) therefore appear to corroborate 
the conclusions drawn from Exp. b. That is, the immediate effect of 
the adrenocorticotropin was to cause a release of steroid material from 
the cortex (6 hours). Subsequently, the adrenal enlarged, but mean- 
while adrenal steroids were returning to normal levels. These results 
bear out the conclusions of Sayers, Sayers, Fry, White and Long 
(1944), who observed that steroid release preceded adrenal hyper- 
trophy with hormone administration. Furthermore, in that paper and 
in later ones (Sayers, Sayers, Liang and Long, 1945 and 1946; Sayers 
and Sayers, 1948), these investigators have stressed the initial drop 
and subsequent recovery in steroid content of the adrenal under con- 
tinued treatment with adrenocorticotropin. Previously, Selye (review, 
1946) described the early drop and secondary recovery of sudanophilic 
lipid in the cortex during the “alarm” reaction to physiological stress. 
Most probably such observations indicate that the initial effect of 
adrenocorticotropin on the adrenal is to cause the immediate release 
of stored hormone. Thereafter the cells enlarge and begin to from 
ketosteroids more rapidly than usual so that, while continuing to 
release hormone at a high rate, they replace their cytoplasmic stores. 
The initial depletion, which Selye terms the ‘‘alarm”’ reaction, appears 
to take only 12 to 18 hours. Partial recovery is already apparent by 
the end of 24 hours. 

It should be noted that significant deposition of glycogen in the 
liver required 18 to 24 hours, although some release of adrenal hor- 
mones had apparently already occurred at 6 hours. Such a lag between 
hormone release and metabolic effect suggests that a considerable 
period is necessary to raise the amount of carbohydrate in the blood to 
such a degree that glycogen deposition is increased in the liver. On 
the other hand, a much shorter time (6 hours) is necessary to cause 
lympholysis and the resulting thymus involution. This latter observa- 
tion tallies with the results of Dougherty and White (1945) on mice 
and rabbits. 
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B. Long-term experiment (sample #13-10-6) 


To ascertain the effects of the prolonged administration of adreno- 
corticotropin, adult rats were treated for up to 12 days. In this ex- 
periment, 12 mg of hormone sample #13-10-6 was administered daily 
(equivalent in activity to 9.8 mg of sampled, #21B used in the short- 
term experiments’). The hormone was injected in 3 equal doses of 4 
mg at 8-hour intervals. Control animals received 0.5 cc of a 1 per 
cent solution of sodium chloride on the same time schedule. The 
indices of hormone effect employed were the following: thymus and 
adrenal weight, total adrenal steroid, and the levels of urinary nitro- 
gen, chloride, sodium, potassium and phosphorus. 

In order to obtain comparable animals for study, both the saline- 
injected controls and the hormone-treated rats were fed 24 cc of a 
medium-carbohydrate diet daily by stomach tube (Table 1). On this 
diet, the gain in weight of both groups proved slower than in the same 
animals before the institution of tube-feeding (Fig. 1) or in litter 
mates who ate dog chow ad libitum over the same period. The rats 
treated with adrenocorticotropin gained weight even more slowly 
than their controls. Also, when groups of animals were starved 24 
hours before killing on the 4th, 8th and 12th days of the experiment 


MEAN WEIGHTS OF RATS INJECTED 
FOR 11 DAYS WITH A.C.T.H OR SALINE 
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Fig. 1. Weight curves for the groups of rats injected for up to 12 days with adreno- 
corticotropin or with saline. The animals were tube-fed a medium-carbohydrate diet. 
The rats receiving hormone gained more slowly than the saline-injected controls. For 
both groups the slope of the weight curve was less after tube-feeding began than before. 
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the hormone-treated animals lost more weight than their saline- 
injected controls (Table 7). 

Urine was collected for analysis every 48 hours during the 12 days 
of the experiment. The excretion of sodium, potassium and chloride 
was essentially the same in the hormone-treated and control rats 
(Fig. 2). With either treatment the excretion of all these electrolytes 
fell somewhat after 6 days. Also, in both the experimental and control 
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Fic. 2. Mean urinary excretion of sodium, potassium and chloride by rats injected 
for up to 12 days with adrenocorticotropin or with saline. Both groups excreted these 
electrolytes in about the same quantity. 


animals, the excretion of phosphorus (phosphate) was similar and, 
unlike that of other electrolytes, remained constant throughout the 
experimental period at about 10 mg per day. 

In contrast to the similar excretion of electrolytes in the hormone- 
treated and control animals, excretion of nitrogen was consistently 
greater by the rats receiving adrenocorticotropin. The experimental 
rats excreted 259 mg daily on the average, the controls 201 (Fig. 3). 
Furthermore, glycosuria occurred in the hormone-treated rats for the 
first 2 days of injection, but not in the controls. 

Groups of hormone-injected and saline-injected rats were killed 
on the mornings of the 4th, 8th and 12th days, after a 24-hour fast. In 
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TABLE 7. Gross ANATOMICAL DaTa FOR Rats RECEIVING 12 MG ADRENOCORTICOTROPIN 

DatLy In 4 MG Doses at 8-Hour INTERVALS. THE ContTrois RECEIVED 0.5 c¢ 1 

Per Cent Sop1um CHLORIDE ON THE SAME SCHEDULE. THE RATS WERE STARVED FOR 
THE 24 Hours BEFoRE NECROPSY 


Wt. lost Thymus Adrenal glands 


No. Wt., in 24 hr. wt., scorers, 

rats g me/ 100 g 
4-day group 

Saline 2 212 4.3 184 21 5.35 

Hormone 4 212 6.0 116 29 3.55 
8-day group 

Saline 2 229 3.8 170 22.4 5.20 

Hormone 4 210 ok 105 26.4 4.78 
12-day group 

Saline 2 237 3.9 155 22.7 4.70 

Hormone 5 220 5.9 86 36.5 3.26 


the rats receiving adrenocorticotropin, the thymus glands were con- 
sistently smaller and the adrenal glands consistently larger than in 
their controls (Table 7). Moreover, total adrenal steroid was always 
lower in the experimental animals, although, in general, deter- 
minations for both the control and experimental animals were as high 


280 
Wacty 
270 
Zsarine 
260 | 
250 J 
240 
NITROGEN 
MGM/D 
DAYS 1+2 34+4 5+6 7+8 9+10 
NO OF RATS Ss F 9 5 945 5 3 5 3 5 2 


Fic. 3. Mean urinary excretion of nitrogen by rats injected for up to 12 days with 
adrenocorticotropin or with saline. The animals receiving hormone excreted more nitro- 
gen each day than did their controls (average ratio, 259/201 mg per day). 
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or higher than the control values obtained in the short-term experi- 
ments (see Tables 2-6). 

The cytochemical preparations of the adrenal glands of these 
animals revealed minor but consistent differences between the ani- 
mals receiving hormone and those receiving saline. The cortices were 
invariably wider in the rats receiving hormone; this enlargement was 
attributable to a greater broadening of the fasciculata (Plate 2). 
Throughout the 12-day period, ketosteroids were abundant in the 
fasciculata of the control animals (Figs. 12, 14, 16 and 18). For the 
first 8 days, they were likewise abundant in the cortices of the rats 
receiving hormone (Figs. 13, 15 and 17). It is perhaps noteworthy 
that the distribution was more uniform in the glands of experimental 
animals—that is, more ketosteroid was present in the inner fasciculata 
than in the corresponding control glands (compare Figs. 16 and 17). 
By 12 days, however, lipid had almost entirely disappeared from the 
inner fasciculata in the hormone-treated animals and was sparser 
peripherally (Fig. 19). This depletion was seen in all types of prepar- 
ations. 

Two other observations bear comment. In all of these glands, 
whether from control or experimental animals, the lipid-free transi- 
tional zone between the glomerulosa and fasciculata was absent. 
Secondly, the cords of parenchymal cells were more conspicuously 
distorted in the juxtamedullary region (zona reticularis) (Figs. 17 and 
19) than in normal glands of rats of this size (Fig. 4). 

The chemical, morphological and cytochemical results together 
point to the fact that all the animals, whether receiving saline solution 
or hormone, experienced some adrenal stimulation. This was to be 
expected, since tube-feeding, mild inanition and the injections of 
themselves would be somewhat “‘alarming.”’ Thus, the adrenals of all 
of the animals were larger and the thymuses smaller than normal for 
animals of 200 g body weight. The transitional zone had disappeared 
in all cases, a phenomenon which has been noted previously with 
physiological stress (Dalton et al., 1944). Moreover, the adrenal 
cortices of the control rats and of the experimental rats for the first 8 
days of the experiment contained more than the normal complement 
of lipid droplets. Selye (1946) has termed the phase of increased lipid 
content in the cortex the ‘‘resistance’’ stage of the adaptation syn- 
drome. That is, the adrenals had recovered from the initial depletion 
which characterizes the ‘alarm’ reaction, described for the short- 
term experiments, and under continued stimulation, were forming 
more than the usual amount of hormone. More hormone was being 
stored than released so that an accumulation resulted. 

Nevertheless, the smaller thymuses, the greater nitrogen excretion 
and the transitory glycosuria in the experimental rats signified a far 
greater release of ‘‘sugar’’ hormones than in thesaline-injected controls. 
Finally, by 12 days the steroid content of the adrenals of the hormone- 
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treated rats had begun to decline, as evidenced both by a decrease in 
total steroid and by the disappearance of ketosteroid material from 
the inner fasciculata. Here we have indication of the approach of the 
so-called exhaustion stage of the adaptation syndrome—the period 
in which release of hormone exceeds formation and cellular stores 
become depleted. If this condition continued for long, the animals 
would die of a relative adrenal insufficiency, such as occurs in many 
conditions of prolonged physiological stress. The term ‘‘exhaustion’’ 
as applied to the gland itself is probably incorrect because there is no 
indication of a real reduction in secretory rate—the metabolic effects 
of the corticosteroids are maintained undiminished. The histological 
signs merely indicate that discharge outstrips formation, rather than 
that the adrenal tissue becomes fatigued. 


DISCUSSION 


It is well known that ‘‘normal” values for liver glycogen, total 
adrenal steroid, proportional organ size, etc., vary over a considerable 
range. As will be seen by perusing the tables presented above, vari- 
ability existed from group to group in the control values. Neverthe- 
less, within the several groups, consistent alterations from the control 
condition occurred with hormone treatment. Such internal consis- 
tency appears to us valid reason for presenting the data. 

Interpretation of the various responses of the intact rat to the 
administration of adrenocorticotropin has been given above. The 
increasing literature on the effects of this hormone, however, warrants 
a comparison of the results occurring in the rat and in man. 

In both species, treatment with adrenocorticotropin appears to 
cause an increased secretion of hormones of the 1l-oxygenated type 
from the cortex. In the rat this was indicated in our own experiments 
by the acute involution of the thymus (Dougherty and White, 1945), 
the increased excretion of nitrogen, the increased deposition of gly- 
cogen in the liver and the transitory glycosuria (Ingle and Thorn, 
1941), as well as possibly by the temporary rise in the excretion of 
chloride (Thorn, Engle and Lewis, 1941). These physiological indices 
were accompanied by signs of increased secretory activity in the 
zona fasciculata. Our observations would appear to provide further 
substantiation of the hypothesis that the fasciculata secretes ‘‘sugar”’ 
factors and is under the control of the pituitary. They support and 
extend observations on the rat by Ingle and coworkers (1946, 1947). 
Likewise, in man, the release of ‘‘sugar’”’ hormones appears to follow 
the administration of adrenocorticotropin to persons with functional 
adrenals (Browne, 1943; Mason et al., 1948; Forsham et al., 1948; 
Bartter, 1948). 

On the other hand, different effects in respect to the retention of 
sodium chloride have been observed in man and the rat. In the rat, 
according to our results and those of Ingle et al. (1946, 1947), salt 
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retention does not follow the administration of hormone. Indeed, 
excretion is increased for the first day or so. Nor have we observed 
cytological signs of increased secretory activity by the zona glomer- 
ulosa, which probably secretes the salt-retaining hormones. These 
observations are compatible with earlier studes which indicated that 
the glomerulosa is independent of pituitary control in the rat (Deane 
and Greep, 1946; Greep and Deane, 1947; Deane, Shaw and Greep, 
1948). In man, on the other hand, the administration of adreno- 
corticotropin has generally been found to cause marked salt retention 
following an initial period of increased excretion (Forsham et al., 
1948; Conn et al., 1948; Bartter, 1948). Some of the trials on humans 
were performed on individuals suffering from hypopituitarism, but 
the same effect, though less marked, was demonstrated in normal 
subjects. However, Mason and coworkers (1948), using a different 
hormone preparation, failed to obtain this result in the one normal 
young woman whom they studied. All in all, there appears to be 
strong indication that adrenocorticotropin stimulates the release of 
salt-retaining hormones in man. If this is true, a species difference 
appears to exist in the response to adrenocorticotropin. In man the 
hormone stimulates the secretion of both ‘“‘salt’’ and ‘“‘sugar’’ hor- 
mones, whereas in the rat it induces only the release of the latter 
type. 

Increased excretion of chloride by our rats during the first 24 hours 
of adrenocorticotropin administration (Table 3) may possibly have 
been caused, not by the increased amounts of circulating 11-oxygen- 
ated hormones, but by the posterior pituitary factors contaminating 
the Armour product, since control animals receiving pituitrin alone 
excreted more chloride than animals injected with saline (Table 2). 
However, Ingle and coworkers (1946, 1947) also obtained a temporary 
rise in sodium chloride excretion, and they were using Li’s product 
(Li, Evans and Simpson, 1943), which is pure as tested in the Tiselius 
apparatus. 

No rise in potassium excretion followed hormone administration 
in our experiments. Ingle et al. (1946, 1947) obtained a significant and 
consistent increase. Under the conditions of the Ingle experiments, 
however, the rats were actually losing weight, whereas our animals 
were gaining, though slowly. Since potassium is released during tissue 
breakdown, perhaps the difference in the proportion of protein anab- 
olism to catabolism would account for the discrepancy between the 
results of Ingle and ourselves. Forsham et al. (1948) found that 
adrenocorticotropin induces only a transitory rise in potassium ex- 
cretion in man. Further experimentation is required to elucidate this 
problem of potassium excretion in the two species. 


SUMMARY AND CONCLUSIONS 


Fasting male rats were injected with 10 mg adrenocorticotropin 
(Armour sample #21B) over periods of 24 hours or less. Within 6 hours 
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the adrenals lost considerable steroid by chemical determination, and 
the thymus began to atrophy. By 18 hours the adrenal glands were 
significantly enlarged, and by 24 hours deposition of glycogen in the 
liver exceeded 1000 mg per cent. The excretion of nitrogen and chlo- 
ride was increased over control levels for the 24-hour period. Smaller 
total dosage produced similar though less marked effects. 

Adult male rats were tube-fed a medium-carbohydrate diet and 
injected with adrenocorticotropin (Armour sample #13-10-6) at a level 
of 12 mg daily for a period of 12 days. They displayed hypertrophy of 
the adrenals, transitory glycosuria, increased nitrogen excretion and 
atrophy of the thymus in comparison to controls injected with saline. 
There were no significant differences from the controls in sodium, 
potassium, chloride or phosphorus excretion. 

Cytochemically, none of the adrenal glands of animals treated with 
the hormone showed any alteration in the morphology or ketosteroid 
content of the zona glomerulosa. However, in the short-term ex- 
periments, the fasciculata broadened and the ketosteroid content 
declined, reaching a minimum at 18 hours (‘“‘alarm”’ reaction of Selye). 
The extent of the reaction depended on dosage and on the size of the 
animals. By 24 hours the ketosteroids had begun to be replenished. 
In the animals receiving hormone for many days, the fasciculata was 
broad; in the first 8 days the ketosteroids were increased above normal 
(“resistance” phase of Selye), but by 12 days they had begun to dis- 
appear from the inner part of the fasciculata (‘‘exhaustion”’ phase of 
Selye). 

These results are interpreted as indicating that adrenocortico- 
tropin causes an increased secretion of 1l-oxygenated (‘‘sugar’’) 
hormones by the zona fasciculata of the rat but fails to increase the 
secretion of the salt-retaining hormones by the zona glomerulosa. 
After an initial release of ketosteroids in the first 18 hours, the fascic- 
ulata produces these substances faster than it releases them and 
consequently becomes crowded with stored ketosteroids (24 hours to 
8 days). Finally, between 8 and 12 days release exceeds formation so 
that the zone again becomes depleted. 

These results have been compared with those in man. Contrary to 
the observations on the rat, both types of hormone appear to be re- 
leased in man following the administration of adrenocorticotropin, a 
result suggesting a species difference. 
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THE WORK PERFORMANCE OF ADRENAL- 
ECTOMIZED RATS GIVEN CONTINUOUS 
INTRAVENOUS INFUSIONS OF GLUCOSE 


DWIGHT J. INGLE ano JAMES E. NEZAMIS 
Research Laboratories, The Upjohn Company 
KALAMAZOO, MICHIGAN 


THE MUSCLE work test (Ingle, 1944) has proven to be a sensitive 
and reliable procedure for the bio-assay of adrenal cortex extracts and 
steroids which affect carbohydrate metabolism. There is indirect 
evidence that the early loss of muscular responsiveness in the adrenal- 
ectomized animal is due to depletion of carbohydrate in the tissues and 
body fluids: (1) ‘‘Fatigue” of the stimulated muscle in the adrenal- 
ectomized rat is associated with hypoglycemia; (2) There is a close 
parallelism between the relative potencies of adrenal cortical extracts 
and steroids as bioassayed by the muscle work test and by the liver 
glycogen deposition test (Pabst, et al., 1947); and (3) It was shown by 
Ingle and Lukens (1941) that the intravenous administration of 
glucose to the “fatigued” adrenalectomized rat gave a temporary 
restoration of ability to work. 

The objective of the present study was to determine the effect of 
continuously administered glucose upon the ability of the adrenal- 
ectomized rat to continue working in response to faradic stimulation. 
Adrenalectomized-nephrectomized rats were used in some of the 
experiments because this preparation has been found to be especially 
sensitive to adrenal cortical hormones and is used in a bio-assay pro- 
cedure (Ingle, 1944). Different loads of glucose were given by contin- 
uous intravenous infusion during 24 hours of muscle stimulation. 
The adrenally insufficient rats tolerated greater amounts of glucose 
than did non-adrenalectomized rats during the time that the animals 
were able to work, but muscular preformance was not improved by 
glucose except in the presence of the adrenal glands. 


METHODS 


Male rats of the Sprague-Dawley strain which weighed 200+2 grams 
were used in these experiments. These animals were free from parasites and 
infections. The diet was Friskies Dog Cubes. The procedures used for the 
preparation of the animals and for the stimulation of muscle were according 
to Ingle (1944) with the following modifications. A Nerve Stimulator, Model 
B, Upjohn, was used to stimulate the gastrocnemius muscle to lift a 100- 
gram weight 5 times per second. The duration of each pulse was 20 milli- 
seconds and the intensity was 15 milliamperes. The amounts of work were 
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registered on automatic work recorders. Each recorder revolution represented 
approximately 400-gram centimeters of work. 

Solutions of glucose (C. P. Dextrose, Merck) with and without beef 
adrenal extract (Upjohn) were infused into the jugular vein at a constant 
rate by means of a continuous injection machine which delivered fluid from 
each of 12 syringes at the rate of 20 cc. in 24 hours. The glucose load is ex- 
pressed as mg. of glucose per 100 grams of rat per hour (mg/100/h). The 
adrenal cortex extract (ACE) was free from alcohol and was given at the 
rate of 20 cc. per 24 hours. This amount was selected because it has been 
estimated (Ingle, Li and Evans, 1946) that the adrenal cortices of an intact 
rat can secrete the activity equivalent of at least 20 ec. of ACE under stimu- 
lation of adrenocorticotrophic hormone. 


Analyses of glucose were made on tail blood by the method of Miller and 
Van Slyke (1936). 


EXPERIMENTS AND RESULTS 


Experiment 1 was a study of the glucose tolerance and work per- 
formance of nephrectomized rats and adrenalectomized-nephrecto- 
mized rats. The following glucose loads were studied in this experiment: 
20, 40, 85, 125, 150, 175, and 200/100/h. The following experimental 
conditions with 6 rats each were represented at each glucose load: 
adrenalectomized-nephrectomized without treatment; adrenalecto- 
mized-nephrectomized given saline only; adrenalectomized-nephrec- 
tomized given glucose only; adrenalectomized-nephrectomized given 
glucose in 20 cc. of adrenal cortex extract; adrenalectomized-nephrec- 
tomized given adrenal cortex extract in saline; nephrectomized given 
saline; and nephrectomized given glucose. The muscle was stimulated 
until it ceased to respond, or for 24 hours. Analyses were made for 
blood glucose at the end of 6 hours of stimulation and again at the end 
of 24 hours in those rats which survived. Figure 1 shows the rate of 
work and the level of blood glucose at the end of 6 hours in relation- 
ship to the experimental conditions and the glucose load. Figure 2 
shows the total amount of work for each group and the level of blood 
glucose and rate of work at the end of 24 hours in those animals which 
survived. In each figure the data from the animals not given glucose 
which served as controls at each glucose load are averaged together 
according to the experimental condition represented. 

The intravenous administration of glucose to adrenalectomized- 
nephrectomized rats without ACE did not improve the work per- 
formance above the very low level shown by the untreated animals. 
This was true even when the glucose loads were sufficiently large to 
prevent a fall in blood glucose. Similarly there was no clearly estab- 
lished tendency for the administration of glucose to improve the per- 
formance of the ACE-treated animals. At glucose loads of 175 and 
200/100/h the performance of the ACE-treated rats was poor. The 
performance of the animals having intact adrenal glands was increased 
in proportion to the glucose load. Within a period of 6 hours the adre- 
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nalectomized-nephrectomized rats without ACE showed significantly 
lower levels of blood glucose at each glucose load than did the animals 
having the adrenal glands intact. The values for blood glucose were 
increased by the administration of ACE but did not rise to the levels 
shown by the non-adrenalectomized animals at comparable glucose 
loads even during 24 hours. 

Experiment 2 was a study of the glucose tolerance and work per- 
formance of sham-operated and adrenalectomized rats. Glucose loads 
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Fia. 1. Nephrectomized rats. Effect of adrenalectomy upon work and blood glucose 
at the end of 6 hours as related to glucose load. Each average for groups given glucose 
represents 6 rats. Each average for pooled groups not given glucose represents 35 rats. 


of 100, 150, and 200/100/h were used. The following experimental 
conditions with 6 rats each were represented at each glucose load: 
adrenalectomized without infusion; adrenalectomized given saline; 
and adrenalectomized given glucose in saline. Eleven sham-operated 
rats were run in parallel with the adrenalectomized animals. Stim- 
ulation was continued until the muscle ceased to respond. Some of the 
adrenalectomized rats ‘‘fatigued’’ within 24 hours and all collapsed 
and died within 48 hours. In contrast, the sham-operated rats contin- 
ued to work for periods of 120 to 168 hours. Although hypoglycemia 
was prevented by glucose loads of 150 and 200/100/h, the work per- 
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TaBLe 1. Toran Amounts OF (RECORDER REVOLUTIONS) PERFORMED BY 
ADRENALECTOMIZED AND SHAM-OPERATED Rats. AVERAGES AND RANGE 


Experimental Condition Number 

& Treatment of Rats Total Work 
sham-operated 11 152181 
saline only (111863-—180262) 
adrenalectomized 18 20617 
no infusion (11785-38383) 
adrenalectomized 18 23798 
saline only (15136-37902) 
adrenalectomized 6 26425 
glucose (100/100/h)* (17586-35237) 
adrenalectomized 6 16750 
glucose (150/100/h)* (13728-21712) 
adrenalectomized 6 13022 
glucose (200/100/h)* (10699-16360) 


* Glucose loads of 100 and 150/100/h failed to prevent a fall in blood glucose during the period that the 
animals continued to work but with a glucose load of 200/100/h the average level of blood glucose was 140 mg. 
per cent at 6 hours and 367 at 24 hours, 


formance of these groups was depressed below the performance of rats 
treated with 100/100/h or with saline only. The rats having intact 
adrenal glands performed several times as much work as the adrenal- 
ectomized animals. The data on total work are summarized in Table 1. 

Experiment 3 was a study of the effect of glucose in water and of 


<2 24+ 
x2 
20+ 
_ 12+ 
= 
ADRENALECTOMIZED - NO INFUSION 
ADRENALECTOMIZED - |.V. INFUSION 
160 ADRENALS INTACT - INFUSION 
ee 100+ 
80 —+ 
40 
20} 
36+ 
32 
zat 
2982 
16 
° w 8 jer 
wh 
A.C.E 
GLUCOSE 


MGM /100/H 20 40; |85 125; |175| 


Fic. 2. As in Figure 1 but at end of 24 hours. 
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glucose in saline upon the work performance of adrenalectomized- 
nephrectomized rats. Glucose loads of 100, 200 and 250/100/h were 
used. Six rats were represented in each experimental group. There was 
a tendency for those animals which received intravenous infusions of 
glucose in saline to work better than rats which received glucose in 
water but the differences were small and the work performance of all 
of the animals remained very poor as compared to the performance of 
similar rats treated with ACE or having intact adrenal glands. The 
data are summarized in Table 2. 

In Experiment 4 the levels of blood glucose and work performance 
were noted at 2-hour intervals in 6 pairs of adrenalectomized-nephrec- 


TaBLE 2. A COMPARISON OF THE EFFECT OF INFUSIONS OF GLUCOSE IN WATER AND 
G.LucosE IN SALINE Upon THE BLoop GLUCOSE AND WorRK PERFORMANCE OF 
ADRENALECTOMIZED-NEPHRECTOMIZED Rats.* AVERAGES AND RANGE OF 
INDIVIDUAL VALUEs. Six Rats PER GROUP 


6 hour blood glucose 6 hour work rate Total work recorder 
Glucose load mg. per cent rev. per min. revolutions 
mg./100/h 
Water Saline Water Saline Water Saline 
100 50 59 12 22 9786 14001 
(39-59) (50-71) (8-25) (16-28) (7853- (11296- 
13017) 16232) 
200 123 121 7 11 8758 9940 
(71-254) (71-200) (2-12) (8-20) (7805- = (7502- 
9916) 11427) 
250 127 109 4 4 8550 9545 
(69-251) (72-227) (0-20) (0-12) (6776——s- (7519- 
» 12421) 12578) 


* Each average is based upon 6 animals. 


tomized rats and nephrectomized rats. Fourteen hours was the longest 
time that all of the adrenalectomized-nephrectomized rats lived. 
At a glucose load of 100/100/h the blood glucose of the non-adrenal- 
ectomized rats increased above the initial values and remained ele- 
vated. The rate of work was well sustained. In contrast, the blood 
glucose of the adrenalectomized-nephrectomized animals decreased 
rapidly to hypoglycemic levels and remained low until death. The 
rate of work also declined rapidly and by 8 hours all of the adrenalec- 
tomized-nephrectomized rats were in collapse. These data are sum- 
marized in Figure 3. 

Six pairs of adrenalectomized-nephrectomized and nephrectomized 
rats were given a glucose load of 200/100/h for 14 hours. The blood 
glucose of the non-adrenalectomized animals increased rapidly to 
hyperglycemic levels during the first 4 hours and then showed some 
decrease. The rate of work was well sustained in these animals. The 
blood glucose of the adrenalectomized rats showed a smaller initial 
rise than that of their controls, followed by a fall to normal values, 
but by the 12th and 14th hours the blood glucose had increased to 
values much higher than in the non-adrenalectomized series. The rate 
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of work decreased rapidly so that muscular responsiveness was lost 
in all of the adrenalectomized animals by 8 hours. These data are 
summarized in Figure 4. 

In Experiment 5 the levels of blood glucose and work performance 
were determined at 4-hour intervals in adrenalectomized and in sham- 
operated rats. Twenty hours was the longest period of time that all of 
the adrenalectomized rats survived. Six pairs of rats were given a 
glucose load of 100/100/h. The blood glucose of the non-adrenalecto- 
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Fic. 3. Work performance and blood glucose level in nephrectomized and adrenalecto- 
mized-nephrectomized rats given a glucose load of 100/100/h. Six rats per group. 


mized rats increased above the initial values and remained elevated. 
The rate of work decreased only a little during 20 hours. The adrenal- 
ectomized rats showed some fall in blood glucose during the first 12 
hours and thereafter a rise which almost reached the level of the non- 
adrenalectomized animals at 20 hours. The work output of the ad- 
renalectomized rats fell to a low level by 12 hours. These data are 
shown in Figure 5. ; 

Six pairs of adrenalectomized and sham-operated rats were given 
a glucose load of 200/100/h for 20 hours. The non-adrenalectomized 
animals developed a mild hyperglycemia and the rate of work fell 
only a little during 20 hours. The blood glucose of the adrenalecto- 
mized animals showed a smaller initial rise than their controls but by 
the 16th and 20th hour the blood glucose increased to much higher 
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values than in the sham-operated controls. The rate of work fell 
rapidly and by 12 hours all of the animals were either collapsed or 
near collapse. These data are summarized in Figure 6. 


DISCUSSION 


The data of these experiments show that the continuous intrave- 
nous administration of glucose to the adrenalectomized rat does not 
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Fic. 4. Work performance and blood glucose level in nephrectomized and adrenalecto- 
mized-nephrectomized rats given a glucose load of 200/100/h. Six rats per group. 


significantly improve work performance. This result was not antic- 
ipated since Ingle and Lukens (1941) found that a single intravenous 
injection of a solution of glucose in the “fatigued” adrenalectomized 
rat gave a temporary improvement in rate of work which was sig- 
nificantly greater than was obtained with osmotically equivalent 
solutions of sucrose and of sodium chloride. We have consistently con- 
firmed this finding of Ingle and Lukens. It is possible that the hypo- 
glycemia of the “fatigued” adrenalectomized rat is a critical factor in 
limiting work output but when hypoglycemia is prevented, failures of 
other physiological systems continue to limit muscular responsive- 
ness. 

Kendall et al. (1938) infused adrenalectomized dogs with solutions 
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of glucose at the rate of 100/100/h for 3 hours. These animals tolerated 
the glucose as well as normal dogs but developed anuria when glucose 
alone was given. When either adrenal cortex extract or 0.9 per cent 
sodium chloride was added to the solution of glucose a mild diuresis 
developed. When the injections were stopped the adrenalectomized 
dogs without treatment developed weakness and prostration. It was 
concluded that sodium chloride was the full equivalent of adrenal 
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Fic. 5. Work performance and blood glucose level in sham-operated and adrenalecto- 
mized rats given a glucose load of 100/100/h. Six rats per group. 


cortex extract for maintaining normal resistance to the injection of 
glucose. In the present study the addition of 0.9 per cent sodium 
chloride to the solution of glucose improved the work performance to 
a very small extent (Table 2). 

During the time that the adrenalectomized rats continued to 
work, their tolerance for intravenously administered glucose was 
greater than that of adrenalectomized animals treated with ACE or of 
animals having their adrenal glands intact. These data suggest that 
there was no impairment of the ability of the adrenalectomized rats 
to utilize glucose during the time that the animal continued to work. 
A full appraisal of the extent of utilization would require a determi- 
nation of the fate of the exogenously administered glucose, of the extent 
of gluconeogenesis and of shifts in carbohydrate stores. We do not 
have this information. 
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The results of Experiments 4 and 5 (Figures 3, 4, 5 and 6) illustrate 
two dimensions of metabolic problems: (1) The time-response Te- 
lationship, and (2) The load-response relationship. The adrenalec- 
tomized animal not given glucose or given a small load of glucose 
generally manifest hypoglycemia at any time after the onset of 
adrenal cortical insufficiency and up to the time of death. In Experi- 
ment 4 the adrenalectomized-nephrectomized rats given a glucose load 
of 100/100/h developed hypoglycemia which continued until death 
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Fic. 6. Work performance and blood glucose level in sham-operated and adrenalecto- 
mized rats given a glucose load of 200/100. Six rats per group. 


while the non-adrenalectomized-nephrectomized rats showed a rise 
in blood glucose. When the load was increased to 200/100/h the ad- 
renalectomized animals showed lower values for blood glucose during 
the time that they continued to work but as muscular responsiveness 
was lost and as the animals approached death the level of blood 
glucose rose sharply above that of the non-adrenalectomized animals. 
Similar findings were noted in Experiment 5. Ingle and Nezamis 
(1948) have made related observations on adrenalectomized and non- 
adrenalectomized eviscerated rats given continuous intravenous 
infusions of glucose for 24 hours. During the early hours after op- 
eration the blood glucose values were lower in the adrenalectomized 
series at each glucose load, and at the end of 24 hours the adrenal- 
ectomized animals which received small glucose loads had lower values 
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for blood glucose but at high glucose loads the order of tolerance was 
reversed. 

There is evidence that the adrenal cortical hormones inhibit the 
utilization of carbohydrate and that the adrenally insufficient animal 
utilizes increased amounts of carbohydrate. How can hormones which 
seem to inhibit the utilization of carbohydrate sustain an optimal 
ability to work? It may be possible to rationalize the relationship as 
follows: The C-11, oxygenated steroids of the adrenal cortex may 
spare the oxidation of carbohydrate under basal conditions or at 
moderate rates of energy output. These hormones may sustain or 
stimulate the ability of the animal to mobilize protein and fat for 
energy purposes. The proneness of the adrenally insufficient animal to 
develop hypoglycemia may be due in part to an inability to mobilize 
and utilize fat and protein for energy purposes to a normal extent. 
Physiological amounts of the cortical hormones probably do not limit 
the ability of the animal to attain a peak of carbohydrate oxidation at 
high and continued levels of energy output. 

The administration of adrenal cortex extract intravenously at the 
rate of 20 cc. in 24 hours did not sustain the ability to work as well as 
intact adrenal glands. In our experience we have never been able to 
sustain a completely normal ability to work by means of adrenal 
cortex extracts or steroids. It is possible that the absence of the adre- 
nal medulla is of physiological importance not only from the standpoint 
of work performance but of glucose tolerance. 

If the fatigability of the adrenalectomized rat is not due to lack of 
available carbohydrate and if there is no inability to assimilate glucose 
from the blood during the time that the muscle is failing, what is the 
basis for loss of muscular responsiveness in the adrenally insufficient 
animal? The early studies of Hales, Haslerud and Ingle (1935) led 
to the conclusion that the “fatigued’’ adrenalectomized rat under 
these conditions is in circulatory collapse. Ingle and Lukens (1941) 
also recognized circulatory failure as a factor in “fatigue.’’ Our obser- 
vations indicate that the collapse represents low blood pressure and 
a greatly reduced blood flow. It seems probable that there is some fail- 
ure in energy exchange basic to this type of-circulatory collapse 
(Swingle and Remington, 1944). No investigator has probed deeply 
into these problems. The findings of the present study do rule out the 
very simple explanation for “fatigue’’ as due solely to lack of glucose. 


SUMMARY 


A study was made of the effect of continuous intravenous infusions 
of glucose upon the ability of adrenalectomized rats to respond to the 
faradic stimulation of the gastrocnemius muscle. Different loads of 
glucose were administered to nephrectomized and to adrenalec- 
tomized-nephrectomized rats with and without adrenal cortex extract 
(ACE). Glucose without ACE did not improve work performance 
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above the very low level shown by untreated animals even when 
hypoglyemia was prevented. Similar results were obtained on adrenal- 
ectomized rats having the kidneys intact. During the time that adre- 
nalectomized or adrenalectomized-nephrectomized rats continued to 
work the blood glucose values remained lower than for non-adrenalec- 
tomized rats at each glucose load. At a high glucose load (200/100/h) 
the adrenally insufficient animals showed lower blood glucose values 
until muscular responsiveness was lost, whereupon the blood glucose 
curve rose rapidly to values much higher than were shown by the 
non-adrenalectomized controls. 

Although exhaustion of available carbohydrate may be one factor 
limiting the work performance of the adrenally insufficient rat, the 
prevention of hypoglycemia by the intravenous administration of 
glucose does not sustain the responsiveness of stimulated muscle in 
these animals. 
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ASSOCIATION NOTICE 
POSTGRADUATE COURSE IN ENDOCRINOLOGY 


A postgraduate course in Endocrinology, sponsored by the Association 
for the Study of Internal Secretions, will be held at the Skirvin Hotel in 
Oklahoma City, February 21-26, 1949. 

The faculty will consist of outstanding clinical and research endocrinol- 
ogists of the United States and Canada. The program will consist of clinies 
and demonstrations and will be a practical one of equal interest to those in 
general medicine and the specialists. 

The fee will be $100 for the entire course and applications will be accepted 
in the order received. Applications should be directed to Henry H. Turner, 
M. D., Secretary-Treasurer, 1200 North Walker, Oklahoma City, Oklahoma. 


ASSOCIATION AWARDS FOR 1949 


THE E. R. SQUIBB AND SONS AWARD 


The E. R. Squibb & Sons Award of $1,000.00 was established in 1939, 
and was given first in 1940 to Dr. George W. Corner; 1941—Dr. Philip E. 
Smith; 1942—Dr. Fred C. Koch; 1943—no award was given; 1944—Dr. E. 
A. Doisy; 1945—Dr. E. C. Kendall; 1946—Dr. Carl G. Hartman; 1947— 
Drs. Carl F. and Gerty T. Cori; 1948—Dr. Fuller Albright. A special com- 
mittee of five members of the Association chooses an investigator or in- 
vestigators in the United States or Canada for one of the best contributions 
to endocrinology. 


THE CIBA AWARD 


The Ciba Award to recognize the meritorious accomplishment of an in- 
vestigator not more than 35 years of age in the field of endocrinology was 
established in 1942, but no recipient was selected in 1942 or 1943. In 1944 the 
Award was presented to Dr. E. B. Astwood; 1945—Dr. Jane A. Russel; 
1946—Dr. Martin M. Hoffman; 1947—Dr. Choh Hao Li; 1948—Dr. Carl 
G. Heller. The work cited may be either in the field of preclinical or clinical 
endocrinology. The Award is for $1,200.00. If within 24 months of the date 
of the Award, the recipient should choose to use it toward further study in a 
laboratory other than that in which he is at present working, the Award will 
be increased to $1,800.00. 


THE AYERST, McKENNA & HARRISON FELLOWSHIP 


The Ayerst, McKenna & Harrison Fellowship was first awarded in 1947 
to Dr. Samuel Dvoskin, and in 1948 to Dr. Ernest M. Brown, Jr. This Fel- 
lowship is designed to assist men or women of exceptional promise in their 
progress toward a scientific career in endocrinology. The Fellowship may be 
awarded to an individual who possesses the Ph.D. or M.D. degree or to a 
candidate for either of these degrees. The stipend for the Fellowship will vary 
in accordance with the qualifications of the appointee, but will not exceed 
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$2,500.00 The Committee will, in reviewing the proposed program of study, 
consider the amount of time which the Fellow intends to spend in course 
work and/or teaching. The nominee must present evidence or scientific 
ability as attested by studies completed or in progress and/or the recom- 
mendation of responsible individuals; submit a program of proposed study; 
indicate one or more institutions where the proposed program shall be car- 
ried out; submit statements of approval from the investigators with whom 
he proposes to conduct his research. 


Each member has the privilege of making one nomination for each award. 
A nomination should be accompanied by a statement of the importance of 
the nominee’s contributions to endocrinology and by a bibliography of the 
nominee’s most important publications, and reprints, if possible. The nom- 
inations should be made on special application forms which may be obtained 
from the Secretary, Dr. Henry H. Turner, 1200 North Walker Street, Okla- 
homa City, Oklahoma, and returned to him not later than March 15, 1949. 
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